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Abstract

120/130 AND H/D VAPOR PRESSURE:
ISOTOPE EFFECTS OF FLUOROFORM:
INTERMOLECULAR INTERACTIONS
IN LIQUID FLUOROFORM
BY
Anthony Michael Popowicz

Advisor: Professor Takanobu Ishida

A precision cryostat of the Bigeleisen-Brooks-Ribnikar-Ishida (BBIR)
type with associeted vacuum systems has been constructed and the
appropriate temperature/pressure measurement and control systems designed
and implemented. Variocus improvements in the cryostat design were incor-
porated in order to facilitate the assembly and repair processes. A
major design change involved the incorporation of a digital stand alone
computer to controel cryostat operations. This apparatus was used to
measure the 120/130 and H/D Vapor Pressure Isotope Effects of Fluoroform.

Analysis of the measured VPIE results, in light of existing experi-
mental data and theories, has demonstrated the need of a temperature
dependent liquid forece field, specifically a temperature-dependent inter-
action force constant between the C-H stretching motion and translational

motion in the direction of the figure axis of CHF This result is con-

3.
sistent with the observed spectroscopic data and vibrational and con-
figurational models of fluoroform dimers. The intermclecular interaction

is believed to be a weak hydrogen-bond in nature.

- 111 -



Come dance with the west wind
and touch on the mountain tops,
sall o'er the canyons and
up to the stars, and
reach for the heavens and
hope for the future and
all that we can be and
not what we are.



ACKNOWLEDGEMENTS

I would like to acknowledge with heartfelt appreciation, the con-

tributions of all who have been involved in this project:

- Professor T. Ishida for his excellent guidance, limitless patience,
and friendship,

- Professors V. Fried, J. Glickstein, A. Ronn and J. Schulman for their
assistance and guidance,

- Mr. Armand Gazes for his invaluable assistance with the computer
aspects of the project as well as his friendship,

- Mr. Sol Coltun and Mr. Martin Berman for their superb workmanship and
professionalism in the construction of the cryostat,

- Professor J. Bigeleisen for his assistance, use of equipment and
patience,

- Mr. Ottmar Safferling for his glassblowing efforts and friendship,

- Professor J. Howell for his assistance with Gaussian 70,

~ Mr. Jan Shulman for his work on the purification of fluoroform
samples and friendship,

- Mr. Peter Bratin and Mr. Michael Prencipe for their assistance in the
electronics and friendship,

- Dr. Takao 0i for putting the cryostat back together again,

- Doctors Sene Bauman, Lucia Babcock, and Allan Rychtman for their
friendship and support,

- Mr. Darrell Mayfield, Mr. Henry Wieck, and Mr. Lester Borodinsky for
their supportive friendship,

- Lillian Richardson for her beautiful typing job,

-y o=



The Staff of the Brooklyn College Chemistry Department,
The City University of New York Computer Center and Brooklyn College

Data Acquisition Center for use of a great deal of computer time and

facilities, and

The Department of Energy who paid for it all.

- vi -



II.

I1I,

TABLE OF CONTENTS

I NTRODU CTI ON L3 (] . - - L] L] L] L] - - L] - L] L] - - - . L] L] L]

VPIE Theory . . + & « o « o = s = o « s o » o s
VPIE mthodology * - L] . - - L - L L - L] L] L] L] L] L] L
Previocus Investigations on CHF3 e s e s e s e .

OQutline of the Investigation . . . . . . . . . . . .

EXPERIMENTAL APPARATUS . . . . . . v v & ¢ o v o v o o &

&,

b,

Cryostat Design and Function , ., . , . . « . « . . .

Cryostat Vacuum SYS8temE ., . . 4 & 4 2 o o o 2 + 1

TEMPERATURE/PRESSURE MEASUREMENT AND CONTROL SYSTEM

a.

Temperature/Pressure Measurement Sensorts and Instru-
mentation ., . . , . . . . . 4 s e e e s e 0 e e

Overall Control/Measurement Design . ., . . . . . . .
l. Thermocouple interface . . . . . . . . . . .
2. Pressure measurement instrumentation interface .
3. Platinum resistance thermometer interface , , ,
4. Heater interface ., . . . ¢ ¢ o o« o o o o ¢ « + o
5. Computer specifications . . . . . . . . . . ..

Cryostat Temperature Control and Operation . , . . .

1. Thermal control logic ., . . . & &« &« « = « « + .
2. Operation/control software ., . . . . . . « + . .

- wvii -

11

13

28

33

33

42
42
44
45
46
46

49
49
56



12

IV. PURIFICATION AND ISOTOPIC ANALYSIS OF

b.

AND 12CDF - - - * (] L] - - . » . » L] L]

3

Chemical Purification . . . . . . .

Isotopic Analys 18 L] - . - L] L] L] . -

V L] m E RI ENTAL RESULTS L] - L] - L] * L] L] . -

Experimental Vapor Pressure Data . .

Data Reduction . . . . . . .« « + & &
l, Correction for isotopic constant
2. Non-ideality corrections . . . .

VI. DISCUSSION . . . . o & o o o ¢ o o & 4 »

a.

Vibrational Analysis . . . . . . .
Internal Cootrdinate Definition .
Gas Phase E Matrix of Fluoroform . .

Liquid Phase E Matrix of Fluoroform

CHF

3!

Correlation of the VPIE in Fluoroform with

Interactions . . . . . + + « + + .

Concluding Remarks . . . . . . . .

VII. REFERENCES . . . & ¢ ¢ o & v o & ¢ &+ «

APPENDIX A:

APPENDIX B:

3

ASSOCIATION IN GASEQUS FLUOROFORM .

- viii -

13

CHF

the

INFRA-RED SPECTROSCOPIC INVESTIGATIONS OF

Blue
Shifting of the C-H Stretching Mode and Intermolecular

-

AB-INITIO CALCULATIONS ON MODEL CHF, DIMER SYSTEMS

59

29

62

64

64

83

83
83

105

108
112

115

137

149

150

153

180



APPENDIX C: COMPUTER PROGRAMS , . . . . . . . « + & « « « 4« 4 & 191

1. CRYPTIC - Cryostat Pressure Temperature
Interaction Control Program . . . . 192

2, P9042DQ - Program to Calculate Vibrational
Frequencies and Vapor Pressure
Isotope Effect as a Function
of Temperature . . . . « + « =« & » 224

-ix -



10.

11.

12.
13.
14,
15.
16.

17.

18,

LIST OF TABLES

Coefficients for the Temperature vs Resistance Fit for
Cryos tat PRTS - L] * L L] L] L] - - - - * * L J * L] * L] . - - L] -

Coefficients for the Temperature vs Voltage Fit for
Cryostat Thermocouplee . . . . « = o &+ = « « + &+ o o « « =

Thermal Stabilities Required for CHF3 Vapor Pressure
Measurements . . . . « & + s o &+ o & 5 ¢ s 2 3 3 & 2 & » o

Cryostat Temperature and Pressure Sensor Specifications . .
Cryostat Component Temperature Differentials . . . . . . .

Fluoroform Final Chemical Analysis and Analytical Gas
Chromatograph Zonditions . . . « ¢« « ¢ v v + v o o 0 s s .

Chemical and Isotopic Analysis of Purified Isotopic Fluoro-
form Samples . . . « + « + « +

Carbon Vapor Pressure Isotope Effect in Fluoroform . . . .
Hydrogen Vapor Pressure Isotope Effect in Fluoroform . . .

Corrected Carbon Vapor Pressure Isctope Effect in Fluoro-

fom - L] L] - . - . L] - * - L] - - - - L] - - . L . . . - - -

Corrected Hydrogen Vapor Pressure Isotopic Effect in
Fluorofom - - L] L] - a - [ ] - L] - » L » L L] - L] L L » L] - -

Definition of Internal Coordinates fer Fluoroform . . . . .

Cartesian Coordinate Definition for Fluoroform . . . . . .

E Matrix for Gaseous Fluoroform . . . . ¢ « v & & & ¢ « «

Vibrational Frequencies of Gaseous Fluoroform . . . . . . .
12

Observed Frequencies of C Liquid Fluoroform . . . . . . .

Comparison of Internal Force Constants of the Gas and Liquid
F Matrices of Fluoroform . . . . . « « + ¢« 4+ 4 « & 4 o o

Comparison of Calculated and Observed 12/13 VPIE and H/D
VPIE of FluoToform . . . ¢« « ¢ & « s o o o s o o 5 o s o &

36

37

40
41

3l

61

63
65

70

86

91
109
110
113
114

116

118

119



19.
20.
21.

22.

23.

24,

25.
26.

27.

F Matrix of Liquid Fluoroferm (£,) . . . . . . .. . . ..
Three Basis Sets of E Matrix Elements for Liquid Fluoroform
Trial F (Liquid) Fluoroform . . . . . . . . . « ¢ ¢ .

120HF3 (Liquid) Frequencies Generated from Trial F
MatriceB . . . & v o o 2 & + « o 4 4 e s s s a e @ e 4 e s

Effects of Changing fT on the 12/13 VPIE and H/D VPIE of
Fluoro fom L] L] - - - - » * * - L L] L] - - - - - - L] L]

Effect of Changing fyr, OO 12/13 VPIE and H/D VPIE of
Fluoro fom - . L ] . - ? - - - [ ] L] L] L] - a - - » L - - -

Final { Matrix, FI(T)’ of Liquid Fluoroform . . . . . . .
Calculated Internal and External Frequencies Using EE(T)

Calculated Internal and External Frequencies for Liquid
Fluoroform Using ERCT) ar T = 165°K . . v 4 &« & o & o & o &

- xi -

121
124

125

127

130

131
132

133

136



10.
11,
12.
13.
14,
15.
16.
17.
18,
19.
20.
21.
22,

LIST OF FIGURES

Assembly Drawing of the Cryostat . . . . . . . . .
Sample Holder . . . + + & ¢ ¢ ¢« o o « ¢ o« s o s o s
Capillary Line Feedthrough . . . . . . . . . « .« .
Lower Radfation Shield . . . . . . . « . ¢« ¢ « « &
Upper Radiation Shield . . . . . . + - + « & « & .
Auxiliary Radiation Shield . . . . . . . . . + « .
Heat Switch . . . . + ¢ v s o & o o o s s » s s o
Regulated Radiation Shield . . . . . « + « + + + &
Outer €Can . . + « + ¢ & « o o o« s 1 s & o« &
Sample Inlet System (SIS) . . « . &+ ¢« ¢« v ¢ = + » &
Cryostat-Dewar Vacuum System (CDS) . . . . . . . .
Service Manifold (SM) . . . .+ « v + ¢« o &+ & ¢ ¢
Thermocouple Calibration Thermostat . . . . . . . .
Cryostat Overall Electronics Interface Scheme . . .
Cryostat Heater Circuit . . . . . . + ¢+ & = « « &
Thermal Control Logic for One Component . . . . . .
Thermal Control Logic for All Cryostat Components .
Approach to Equilibrium for a Number of Data Points
12/13 Vapor Pressure Isotope Effect in Fluoroform .

B/D Vapof Pressure lsotope Effect in Fluoroform . .

Corrected 12/13 Vapor Pressure Isotope Effect in Fluoroform

Corrected H/D Vapor Pressure Isotope Effect in Fluoroform .

- xii -

14
15
17
19
20
21
23
25
26
30
31
32
35
43
47
53
54
55
69
82

90

103



23.

24,

25.

26.

27.

28.

29,

30.

31.

32.

12/13 Vapor Pressure Isotope Effects from Differential
Manometric and Distillation Measurements

Comparison of Vapor Pressure Isotope Effects in Methane,

Methyl Fluoride and Fluoroform

Internal Coordinate Definition for Fluoroform .

Comparison of Experimental and Calculated 12/13 VPIE using

El - -
%

Comparison of Experimental and Calculated 12/13 VPIE using

F (T) .

Comparison of Experimental and Calculated H/D VPIE using

F (T) .

Schematic Plots of Various Contributions to T 1In fc/fB

.

-

*

Dimer Type A Configuration for Fluoroform .

Stabilizatfon Energy vs RHF for DT-A Configuration of

Fluoroform

-

xiii

*

-

-

»

-

*

Comparison of Experimental and Calculated H/D VPIE using

.

*

106

107

111

122

123

134

135

139

141

142



I. INTRODUCTION

The understanding of the nature of intermolecular forces is of
great scientific interest for both basic and applied reasons. Of par-
ticular concern is the liquid state. Due to the complexity of its
structure, the interactions and mcotions of molecules are difficult to
describe and characterize, and the applicability of spectroscopic tech-
niques alone towards the elucidation of the nature of these forces is
generally limited. Thus it is necessary to supplement spectroscopic
data with information obtained from other experimental techniques. In
particular, Vapor Pressure Isotope Effect (VPIE) measurements are
ideally suited as a probe of intermolecular forces in condensed phases
and coupled with spectroscopic and thermodynamic data of both the vapor
and condensed states provides a powerful technique in examining inter-
molecular interactions and molecular motion in solid and liquid phases.
It i8 therefore the objective of this research to apply the technique
of VPIE towards elucidating intermolecular forces in liquid trifluoro-

methane (CHF3).

la. VPIE Theory

In 1961 Jacob Bigeleisen' formulated the VPIE in terms of the
reduced partition function ratios of the condensed and gas phase

molecules:



tn i = nSf -anS-f +k +k, +Xk 1-(1)
P 8' ¢ s' g 1 2 3°
where
kl = (P'V' ~ PV)/RT , I-(2)
. 1, .2 _ 1. .2 \ )
k2 (BOP + ECOP + ines) (BOP -+ ECOP + ... I-(3)
and
v'
Kk, *» — P Qv I-(4)
3 RT
v

By convention primed quantities always refer to the lighter isotopic

species under consideration. 'c¢" and "g" refer to the condensed and

gas phases, respectively, and the quantity "s" is the symmetry number
for the molecule. P and V are the vapor pressure and molar volumes of

the condensed state, and Bo, c «s. are the virial coefficients for

o!

the gas. The reduced partition function, s/s8' f, 1s defined as

, N ,
.82 n "' V/? | @q9)am I-(5)
8' s' Q' qm1 \®y (Q/Q")cl °*

wvhere qu and ch are the quantum mechanical and classical partition
functions, respectively, m, is the mass of the ith atom of an N-atom
molecule. ET f 18 thus the ratio of isotopic partition functions
reduced in terms of the classical limit. Referring to equation 1, the

term Zn %7 fc - &n ET fg is the difference in the quantum mechanical



effects between the two phases., It is the vapor pressure difference
that would be observed between two isotopic species with equivalent
condensed phase molar volumes and gas phases whose behavior is ideal.
and k, are corrections to the VPIE. They account for

2 3

changes in the vapor pressure when the condensed phase is subject to a

The terms kl' k

pressure change from P to P', gas non-ideality, and condensed phase
molar volume isotopic differences, respectively. Typically2 one finds

the magnitude of these corrections to the VPIE to be kl ~no 1%, kz ~ 0.1%

and k3 ~ 0,01Z,

Due to the magnitude of most isotope effects (v 1%) equation 1 can

be given as

f
c P’ v
in f ﬂlnp [1+P (BO-RT)] 1-(6)
4
pP' '-p
where the approximation Bo' = B, V! = V, and &n 7 used and the

'
terms %Con - %COP'2 + ...., and fv P' dV are neglected. These
approximations are justified in thgk errors introduced are typically on
the order of 0.01% or less, well within the limits of experimental error.
Within the framework of the Harmonic Oscillator and Born Oppenheimer

(HOBO) approximations and to the extent that internal and external

motions of the molecules are separable

-u,/2 -u
e ue 1 /(l-e i)
s_'f - Iil _ui—ljz _uif ’ I-(7)
ui'e /(l-e )

where u, = hcvi/kT. v
=1
em .

4 is the ith normal mode harmonic frequency in



In the gas phase, translational and rotational motiones are treated
independently from internal motions and, at ordinary temperature, the
external motions are regarded to be classical. However, at low temper-
atures, correction for non-classical rotation may be required, depending
on the particular molecular system under consideration. Neglecting any
vibrational-rotational interaction, the reduced partition function ratio

for the gas is thus given as

-u_ /2 -u
—— = n I" (8}
[

5 Qib
t f = —Ql - Q -u 1,2 -u B »
8 8 vib vib

i 1 =1 u,'e T /ja-e 1)

i

where

3N-56 ‘ulfz -u
(Qvib) = Il e /(l=e ) I-(9)
@ ga

3N-6

and (Q.,) = n %— I-(10)
Cc

c {=1 i

It is noted that the energy zerc is taken as the minimum of

potential energy surface, to take advantage of the BO approximation,
Upon condensation the molecule finds itself in a potential field which
restricts the "free" motion experienced in the gas phase. The evalu-
ation of fc therefore depends upon the particular description of the
potential surface the condensed phase molecule finds itself on. A
model which has proved to be quite succeasful, due to the fact that
configurational and other counting factors in the condensed phase

partition functioen are invariant under isotopic substitution, is the



Simple Cell Model (SQ). SCM considers the condensed phase molecule to
exist in and interact with a homogeneous and time-independent field.
The 3N-6 vibrational modes thus are treated as in the gas phase and the
8ix external modes are subject to a time-independent restoring force.

Thus within the framework of HOBO approximations and SCM

-u, /2 -u
s—'.- fc - n —uj/Z — T s I-(ll)
i=1 ui'e 1 /(l-e 1 )
and thus
3N-6 ] L]
iC_. 1 F(ui/ui ). . exp((u, -ui)c/2)] i}
N ] L
fg o1 _(ui/ui )g exp((u, ui)g/2)
[(L-exp(-u ")/ (l-exp(-u,)_
_(l-exp(-ui')8 / (l-exp(-ui)8 * -2
® (u exp(-u,/2) / (l-exp(~u,))
n
u 'exp(-ui'/2) / (l-exp(-ui'))
i=] - c

Taking the natural log of equation 12 shows that the magnitude and sign
of &n fc/fg is determined by the net contribution of the external
motions in the condensed phase and the perturbation of internal motions
upon condensation by the intermolecular force field. Thus, given all
the frequencies for the gas and condensed phases for the isotopic

species under consideration, fc/fg is determined.



Ib. VPIE Metheodology

Even though gas phase spectroscopic data is usually readily
obtainable, information on the condensed phase 1s extremely limited,
especially for liquids. However, the quantity fc/f8 is given
experimentally by equation I-(7). Thus from experimental P'/P and gas
phase spectroscopic data,fc can be obtained as a function of temperature.
At this point the gas phase spectroscopic data can be used as a zeroth-
order approximation to the internal force field of the condensed phase.
Any available condensed phase spectroscopic and thermodynamic data, as
well as models for intermolecular interaction are used to approximate
the external force field and its interaction with the internal
vibrations. A 3Nx3N vibrational secular equation is solved and fc is
calculated from 3N frequencies thus obtained. The calculated fc can
then be compared tc the experimentally determined fc and appropriate
adjustments to the force constants can be made until the calculated and
experimental results are in agreement. Such adjustments are limited in
that the observed frequencies and any available thermodynamic data are
reproduced to within the experimental error. Alsoc the magnitude of these
force constants and interaction force constants are constrained to
certain “common sense'" limits, The ability to reproduce the experi-
mentally obtained fc by the calculation, depends essentially on the
adequacy of SCM, however, this model has proven to be quite successful
in a variety of molecular systems. The application of VPIE based on SCM
has led to a great deal of insight into condensed phase molecular
forces. For example, the utilization of VPIE/SCM has led to the dis-
covery of hindered rotation in methane,3 nitrous oxide4 and ethylene.5

the hindered rotation about the C-C bond in ethane upon condensation,6



and molecular association in methyl acetylene7 and nitric oxide.8 SCM
has also been modified and used to take into account cell occupancies
by more than one molecule in the VPIE analysis of nitrous oxide9 and

carbon dioxide.lo'll

Ic. Previous Investigactions on CHF3

Based on low temperature distillations by Borodinsky, et. al.,12

it was found that CHFé exhibited an inverse VPIE (P(13CHF3) > P(12CHF3))
over the entire liquid region studied. The interesting result, however,
was the slope of the T xn(fc/fg) ve 1/T plot. This is the first known
occurrence of such a plot with a negative slope in the inverse region.
Their analysis indicates a liquid force field with large external
diagonal and external-internal interaction force constants. Their
results and analysis were explained in terms of the large blue shift
upon condensation of the C—H(vl) atretch.ls*l5 Normally a red shift in
vibrational frequency is found to occur upon condensation due to the
"loosening” of the particular bond in question via delocalization of
electron density from the bond to the external field. The anomaly here
is that the shift in the C-H stretching frequency is positive and quite
large (vl(g) = 31030 + vl(l) = 3062). This fact has been postulated by
Borodinsky and co-workers to be possibly due to some form of association
between CHFj molecules.

Justification for such an interaction can be ftound in the litera-
ture. In 1961 Buckingham and Rnab16 postulated a loose antiparallel
dimer configuration for gaseous CHF, based on dielectric constant

3
17,18

measurements at B0®C and 160°C. More recent investigations using

far infrared and microwave spectroscopy on liquid CHF3 indicate high



levels of alignment or local organization of CHF3 molecules. A
theoretical basis for suéh_interactions has also been done19 using
CNDO/2 quantum mechanical calculations. Their results indicate a dimer
in a linear C-He«++F-C type interaction with a stabilization energy of
0.6 kcal/mole-dimer. An interaction of this magnitude tends to support
the Buckingham and Raab analysis of association even in the gas phase.
Further theoretical work by Kollman and co—workerszo using ab-initio

calculations indicate the ability of CHF, to form complexes with strong

3
bases. Experimental verification of Kollman's work was done by cryo-
spectroscopic atudie321 on CHF3 - Me3N solutions in liquid argon and
krypton. Solutions 10—3 - 1()-6 molar in CHF3 and HeaN were studied at
temperature of 90°K - 160°K. Experimental stabilization energies of
3.5 kcal/mole-complex were reported.

As a preliminary study this author performed a detailed ab-initic

calculation on a number of possible CHF, dimer configurations (Appendix

3
A). It was found that two configurations provide stabilization energles
on the order of 0.7 kcal/mole-dimer and that the interaction can be con-
sidered hydrogen-bonding in nature. Normal coordinate analysis of models
of these hydrogen bonded system {S5ec,VI.e) indicate a blue shift in
the C-H stretching frequency upon formation of a hydrogen bond with
fluorine. Infrared spectra of the 21 manifold of gaseous CHF, taken at
500°K, 300°K and 200°K and at pressure (25-50 torr), have shown that

1 a8 the temperature of the gas is changed
from 500°K to 200°K within the resolution of the instrument, * 1 cm_l.

no frequency shift occurs in v

Also no discernable peak, which might have indicated a significant con-
centration of the dimer, was found. This was expected due to the low

concentrations of dimer. The low concentrations are predictable from



calculations based on the quantum mechanical and normal coordinate
calculations at the pressures used to provide sufficient spectral
resolution (Appendix B). To shed additional light on this subject the

VPIE for CHF3 has been studied.

1d. Outline of the Investigation

To obtain VPIE data on CHF., two techniques are available: (1)

3
distillation and (2) differential manometry. The experimental require-
ments and precision 0f the two methods are markedly different.
Requirements for distillation with respect to isotopic enrichment,
chemical purity and temperature/pressure measurement and control are
quite modest. On the other hand, differential manometry requires highly
isotopically enriched (90% +) and chemically pure (v 99.999%) samples.
Temperature/pressure measurement and control require sophisticated
equipment. The results obtained from differentia)l manometry are, how-
ever, generally at least an order of magnitude more precise than that obtained
from distillation studies. In order to obtain a quantitative under-
standing of this problem, it was decided that differential manometry
would be the appropriate technique. Therefore, this investigation can
be broken down to the following aspects:

1. construction of a low temperature thermostat and a differential
manometry system with associated vacuum systems (Section II),

2. the design and implementation of an appropriate temperature/
pressure measurement and control systems (Section III),

3. preparation of highly enriched 13C and deuterium samples with
total impurity levels of less than 50 ppm (Section IV),
13 12

4, measurement of VPIE for CHF3/12CHF and CDF3/120HF

3 3



systens (Section V), and
5. the analysis of experimental VPIE data in light of the

existing experimental and theoretical information on CHF3 (Section VI).



II. EXPERIMENTAL APPARATUS

The design of most low temperature thermostats is based upon the
principles of the low temperature calorimeter of Eucken22 and Nernst23
developed in the early nineteen hundreds. The device consisted of a
sample cell suspended in an evacuated chamber which was placed in a
Dewar flask. This simple design provided sufficient thermal isolation
to allow for reasonably accurate heat capacity measurements. The majoer
drawback was that heat transfer by radiation had to be taken into
account. The first major improvement of the Eucken/Nernst design was
implemented by Gibson and Giauque24 in whieh they made use of an
adiabatic shield around the sample holder. By maintaining the tem er-
ature of this shield near that of the sample holder, heat radiation
effects were minimized. Further improvements by Glauque and Egan25
involved passage of heater, sensor wires and sample lines through large
heat sinks, situated above the sample hcelder-lower shield assembly, to
minimize heat leaks along these lines from the outside. Radiation
effects were further minimized by Johnston and co--workers.26
The heat sinks and the outermost container were supplied with heaters
and thermal sensors and their temperatures maintained near that of the
sample cell. The Johnston type cryostat has been applied successfully
to isotopic vapor pressure measurement327 and in 1968 Bigeleisen, Brooks,

Ishida, and Ribnikar (BBIR) implemented major improvements on the Johnsaton

design for precision isotoplc vapor pressure measurements over a



temperature range of 2 - 300°K with long term thermal stabilities of
the order of 10-3 degrees. The cryostat constructed to study vapor
pressure isotope effects of fluoroform is of the BBIR design. Modifi-
cations have been implemented to improve thermal stability, facilitate
agssembly and repair processes as well as the ease of overall operation.
The following aspects of the cryostat will be discussed:

1. e¢ryostat design and function (Section Ila),

2. associated supporting vacuum systems (Section IIb),

3. temperature and pressure measurement and control design -
description and specification (Section IlIa),

4, overall control design - analog and digital interface
(Section IIIb), and

5. operation and control logic (Section IIIc).



Ila. Cryostat Design and Function

In this section the general design and function of the various sub-
assemblies of the modified BBIR cryostat will be described. Detailed
specifications concerning individual components and the assembly process
can be found in the engineering drawings (Brookhaven National Labora-
tories - Job #561A: Vapor Pressure Cryostat, 11/65).

A simplified schematic of the assembled cryostat is shown in Figure
1, From this diagram the positioning and interconnections of the various
cryostat components can be seen.

The heart of the cryostat is the sample holder (SH), which is shown
in Figure 2. The SH is a cylinder of high purity copper (99.9999%) in
which four symmetrically placed ports have been drilled out. It is in
these ports (v 0.6 cm3 per port) that the isotopic samples reside.

The high purity copper is required so as to assure the necessary degree

of thermal uniformity between the four sample ports. To insure good
thermal contact between the cell walls and the isotopic sample, the lower
third of each port was packed with fine platinum mesh. This copper
cylinder is concentrically positioned by means of four radial copper fins
inside a copper cup and the space between the two cylinders is lead filled
80 ag to increase the overall heat capacity. The copper cup is wound
uniformly with Teflon coated constantan wire, which acts as a heater.

The winding of the heating wire as in all other components is bifilar.

The bifilar winding is necessary so as to not produce any induced mag-

netic fields which could affect the physical properties of the sample
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(alignment-orientation effects). Drilled into the bottom of the SH are
four additional holes. The one at the center penetrates into the bottom
part of the high purity copper cylinder and is the receptacle for a
resistance thermometer. The other three holes are shallow and tapped.
Their function is to provide for thermal connections to another cryostat
subassembly (Heat Switch). A thermocouple is positioned symmetrically
with respect to the four ports on the top of the SH, and is physically
in contact with the SH surface.

Silver-soldered to the SH are four thin walled stainless-steel
tubes (Capillary Lines=-CL) for the transfer of the samples to and from
the sample holder. These lines run up the entire length of the cryostat
to a vacuum feedthrough and connect into the sample handling system and
pressure measurement devices.

In the original design the feedthrough is a set of four O-ring
fittings mounted on a flange. The weight of the SH assembly is supported
in the BBIR design by the press-fit of the four C-ring seals. This
design has been modified (Figure 3) as follows: the four tubes were
silver-soldered intoc a collar which was then passed through an o-ring
connector mounted on a flange. This eliminates three possible sources
of leak. This collar is threaded which allows the weight of the SH
assembly to be supported by locking nuts and a8 stand-off collar. Thus
the vacuum seal cannot be effected by the SH assembly weight or shift
in position.

Due to the large temperature gradients which exist along the CL,
condensation of the sample in the tubes rather than in the SH is a
problem. 1In order to monitor and rectify such parasitic condensation,

two thermocouples and constantan wire heaters were installed on the CL.
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The SH and CL assemblies are the only part of the cryostat to be in
contact with the samples. The function of all other components is one
of temperature control. Surrounding the SH is the Lower Radlation
Shield (LRS), Figure 4. The LRS is a copper cup filled with lead wound
with a constantan wire heater and supplied with a resistance thermometer
and a thermocouple. The space between the SH and LRS is evacuated. The
LRS is an adiabatic shield for minimizing thermal radiation effects.
Directly above the SH and suspended from the LRS is the Upper Radiation
Shield (URS), Figure 5. The URS is a lead-filled copper cup with holes
drilled through to allow passage of the CL and electrical wiring. Its
function is to minimize radiation effects from the upper regions of the
cryostat as well as to buffer the SH from any heat transfer along the
CL. Above the URS is the Auxiliary Radiation Shield. Its function is
identical to that of the URS, though it is slightly smaller than the URS.
The LRS and URS are hung from the ARS by No. 30 gauge stainless steel
wires so as to provide thermal isolation from the ARS and the upper
cryostat assemblies. The ARS itself is supported from the innermost
flange (cf: Figure 6) by four threaded brass rods,

Located below the LRS is the Heat Switch (HS) Assembly, Figure 7.
The HS is a major feature of the BBIR cryostat., This assembly consists
of a set of bellows operated thermal switches, which allow for inde-
pendent cooling of the LRS and SH. The HS is constantly cooled by the
cryogenic liquid which circulates through its base. Pressurizing the
bellows with helium gas expands the bellows making contact with a plate
directly above, which connects to its respective component (LRS or SH).
Evacuating the bellows breaks the thermal contact. Due to the small

cross-sectional area of the bellows wall, heat transfer, from the bellows
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cap to the HS base, has had to be augmented by copper braids. The gold-
plated contact plate on each heat switch 1s thermally isolated from the
other. The connection between the sample holder contact plate and the
sample holder base is fed through the bottom of the LRS, and the feed-
through rod is thermally isolated from the LRS by means of a Teflon
bushing.

Several modifications on the BBIR design of the heat switch have
been incorporated: The pure nickel bellows, purchased from Servo-Meter,
Inc., has been electron-beam welded to the copper upper and lower cups
rather than being braised onto them. The bottom cups have been screwed
dowm to the HS base and are then sealed with low-melting silver-sclder,
rather than being directly soldered to the HS base. The higher heat
transfer rate between the upper and lower cups, while maintaining a
reasonable flexibility of the braid connections, has been obtalnad by
shortening the braids and letting them go through a bending motion rather
than forcing them to do a stretching motion. For this purpose secondary
caps have been bralsed onto each primary cap, and three copper braid
support posts have been added to each switch.

Mating to the HS base and inner flange is the Regulated Radiation
Shield (RRS), Figure 8. The SH, LRS, URS, ARS and HS assemblies are
contained within the RRS. The outside of the RRS has a coil of copper
tubing soft-soldered along its entire length. The lower end of the coil
is connected to the coolant exit port on the HS base. The other end of
the coll passes out through a vacuum feedthrough at the top of the
cryostat assembly to a manifold for controlled pulling of coolant
through the HS base and RRS coil. The RRS is also supplied with its

own constantan wire heater, resistance thermometer and thermocouple.
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The combination of cooling coil and heater allows for temperature control
over a range determined at the low end by the cryogenic fluid tempera-
ture to " 300°K at the high end. Thus the immediate environment (RRS)
of the inner components (SH, LRS, URS, ARS) can be continually adjusted
to the temperature of interest. This feature accounts, in part, for the
excellent temperature controllability over a large temperature range.
Surrounding the RRS is another container (Outer Can, 0C), Figure 9.
The space between the OC and RRS, as is the space between the RRS and
inner assemblies, is evacuated. The top of the OC is flanged to the
outer flange. The bottom of the outer can has three vacuum feedthroughs;
two for the helium gas supply lines for pressuring two HS bellows, and

one for siphoning LN, from the pool of cryogenic fluid in the cryostat

2
dewar through the HS-base and the RRS-cooling coil. The modification
incorporated here is the jacketing of the vacuum feedthrough tubes on
the OC base rather than direct soldering of the feedthrough tube to the
OC-base. This allows for an easier disassembly and re-assembly process.
The assembly of all parts described so far hangs from the main
flange by a 1 1/2 inch stainless steel tube through which passes the
electrical wires for the RRS and -the inner tube. A connection of the
space between the OC and RRS to the vacuum system is made via this 1 1/2
inch tubing. The inner tube is welded to the 1 1/2 inch tube at the
upper end. It contains the CL and the electrical wires for the assemblies
within the RRS, and allows for the evacuation of the space inside the RRS.
Coolant inlet, outlet and siphon tubes, heat switch helium gas lines and
coolant level detector pass through the main flange via O-ring vacuum

connectors. Wiring is fed out through high vacuum electrical ceramic

feedthroughs, purchased from Perkin-Elmer/Ultek, Inc. Tube feedthroughs
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were used for thermocouple and resistance thermometer wires. Each wire
is passed through its own capillary tube, whicﬁ is electrically isolated
from the other feedthrough tubes, and soft soldered in place, the wire
insulation being removed only at the point of soldering. Solid pin
feedthroughs were used for the heater wires. This entire assembly sits
in a stainless steel dewar (Janis Model #RD-2185), which is suitable for
cryogenic operation down to liquid helium temperature.

The flanges that may come in contact with the cryogenic temperature
are sealed by means of hollow stainless steel O-rings coated with Teflon,
purchased from Advance Products, Inc. These flanges are the seals
between the HS and RRS, the RRS and the inner flange and the OC and

outer flange.



IIb. Crvostat Vacuum Systems

Assoclated with the cryostat operation are three independent
vacuum systems: The Sample Inlet System (SI1S), Cryostat-Dewar System

(CDS) and the Service Manifold (SM).

The SIS (Figure 10) 1is an all stainless-steel vacuum system with
four independent manifolds servicing the four Sample Holder cells.
These manifolds are themselves serviced by a common two inch, all
stainless-steel, oil diffusion pumping station. The function of SIS
is threefold:

l. introduction and storage of isotopic samples between runs,

2., transfer of isotopic samples to and from the sample holder, and

3. servicing the pressure measurement instrumentation.
Another two inch pumping station (CDS), Figure 11, is used to service
the inner and outer vacuum regions of the cryostat as well as the vacuum
jacket of the dewar. The operating pressures for both SIS and CDS is on
the order of 10_7 torr. The third system (SM), Figure 12, has four
functions:

1. pressurizing and evacuating the heat switch bellows,

2. controlled pulling of liquid nitrogen through the heat switch
and regulated radiation shield,

3. siphoning out of liquid nitrogen from the dewar after the
completion of a run, and

4. the introduction and removal of heat transfer gas to the inner

and outer regions of the cryostat for initial cool down of cryostat



components.
The SM operating vacuum is on the order of 0.1 torr and is used in this
purpose only for roughing out the large volumes of the cryostat and

dewar vacuum jackets. SM connects into CDS for access to high vacuum.
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- I1I. TEMPERATURE/PRESSURE MEASUREMENT AND CONTROL SYSTEM

I1Ia. Temperature/Pressure Measurement Sensors and Instrumentation

As previously indicated, each major cryostat assembly is supplied
with two thermal sensors, i.e., a platinum resistance thermometer (PRT)
and a copper-constantan thermocouple (TC). The PRTs used have resistance
values of ~ 100 ohms at 0°C and are all configured for four-wire
resistance measurements tc account for lead wire resistivity. Standard
precision (t 0.05%) ceramic encased PRTs (Minco Model #5202) were placed
on the RRS, ARS, URS and LRS, whereas a high precision (¢ 0.002%) gold
encased-hermetically sealed PRT was inserted intc the SH thermometer
well (Minco Model #S51059). A1l PRT calibrations are traceable to the
National Bureau of Standards. Each subassembly has one TC which acts
essentially as a backup sensor. The capillary lines, CL, do not support
any PRTs but are fitted with two TCs. These TCs are constructed of #30
gauge, Teflon coated, copper and constantan wire (Omega Engineering).
These TCs were calibrated externally with respect to one of the Model
§202 PRTs.

The calibration was done, in a thermostat specifically designed and
constructed for this purpose (Figure 13), over a temperature range of
«170°C to =-50°C. The temperature control (t 0.05°C) for this calibration
was achleved using a Scilentific Systems Cryogenic Controller Model #3610A.

The calibration results are summarized in Tables 1 and 2, which tabulate



the least~sqguares coefficients for the PRTs and TCs, respectively.

The functional forms used for the least-squares fits are given in the
footnotes of these tables. The four wire resistance measurements of

the PRTs are readable to = 0.001 ohm (Keithly Model 5900) which corres~
ponds to ~ * 0.0025°C, whereas the TC voltages (Non Linear Systems MX-1)
are read to + 0.000001 V which in turn corresponds to ~ * 0.03°C.

The measurement of the absolute pressure and differential pressures
are done using a spiral quartz gauge and three capacitance gauges,
respectively.

The spiral quartz gauge (S5QG) and 1its controller are manufactured
by the Mensor Corp. The range of the S$QG is 0 - 1500 torr with a
resolution of + 0.001% (* 0.015 torr). The SQG was calibrated in place
using a Ruska Dead Weight Gauge Model #2460, courtesy of Dr. Jacob
Bigeleisen. The dead weight gauge was calibrated by the National Bureau
of Standards, Job #14662; 7/20/76. One hundred and fifty one calibration
points were taken over the entire 1500 torr pressure range using atmos-—
pheric pressure as reference for both the SQG and Dead Weight Gauge.
This data was then fit to several functional forms. The best fit was
with a cubic polynomial. The calibration, however, is practically linear
throughout a major part of the operating range of the gauge, each cali-
bration point being within + 0.01% of a linear relatiomship. Greater
deviations occur at both extremes of the operating range, the deviations
from the linear relationship increasing to 0.1%. The nonlinearity is

accounted for by the cubic and gquadratic terms in the best fit equation:

P = 303 + sz +cQ, I1-(1)
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Coefficients for the Temperature vs Resistance Fit for Cryostat PRTS

Table 1

(a)

PRT #

Location

1 2 3 %4 5
Precision Sample 3.3558 34.870 2.2008 0.0022642 ~0.50296 x 10_5
holder
1 Lower 2.8528 30.963 2.2742 0.0016939 -0.22344 x 107°
Shield
2 Upper 3.6789 31.354 2.2489 0.0020573 -0.37857 x 10-5
Shield
3 Regulated 3.9408 30.803 2.2471 0.0021929 -0.41826 x 10-5
Shield
5 Auxiliary 3.8118 31.434 2.2452 0.0021355 -0.41016 x 10_5
Shield
(a) Precision of the five-term fit is +/- 0.0002% for all PRTs. The functional form used is:

a
= _1
T=%

+a,+a,R+a R2 + a_R

2 3

where T is in degrees Kelvin and R is in ohms.
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Table 2

Coefficients for the Temperature vs Voltage Fit for Cryostat Thermocouples(a)
3 2 1
Thermocouple # Location alxIU aleo a3x10 a,

1 Not Used 0.27229 0.34415 0.15011 0.25361
Not Used 0.27930 0.37737 0.26516 0.40930

3 Auxiliary 0.28776 0.42583 0.46939 0.69291
Shield

4 Upper 0.28893 0.42701 0.48976 0.73749
Shield '
Used as a sensor for control in the minicryostat

6 Lower 0.29537 0.47817 0.59273 0.78990
Capillaries

7 Regulated 0.28950 0.44148 0.49115 0.68631
Shield

8 Sample 0.28716 0.40510 0.42251 0.67485
Holder

9 Upper 0.29436 0.47624 0.58376 0.77014
Capillaries

10 Lower 0.28625 0.39781 0.40049 0.65301
Shield

(a)

Precision of the four term fit is +/- 0.2X.

T(°C) = Al

The functional form used

e I W W L R

is:

where T is in degrees Kelvin and V is in millivolts relative to the ice point.

LE



where

a = -1.9256 x 10~

b= 1.6857 x 1077

e = 1.5235 x 102 ,

in which P is the absolute pressure in torr and Q is the SQG decade
counter reading (nominally, 100,000 counts per 1500 torr). The SQG
pressure is normally read off a b6-~decade counter for maximum precision,
however two electronic outputs are also supplied:

a. a servo signal which indicates the degree from null balance
of the opto-electronic circuit., This signal is used to measure pressure
fluctuations and has the same sensitivity as the decade reading.

b. a 0-100 mv DC signal proportional to the decade reading but
with an overall sensitivity of + 0.1 torr.
The serve signal plays a very important role in the vapor pressure
measurements in that it provides an indication of the thermal stability
of the sample holder. The level of thermal stability required for
measurement of isotopic differences in vapor pressures can be determined
from the Clausius-Claperycn equation where the assumptions of gas ideality

and the negligibility of liquid volume have been applied,

-

2
AP RT
3 QT. AT 11-(2)
vap
AP

For a typical isotope effect of 1%, 3-m 0.01, and a 1% precision in the

measurement, the absolute magnitude of the pressure fluctuation, &P, must

be limited to SP A 0,0001, For the CHF, system (AH L ax103 cal )} the
P 3 vap mole



thermal stability required for such vapor pressure measurements at
various temperatures and the measurable temperature fluctuations as
determined from thermal and pressure sensors are shown in Table 3.
The SQG monitors only the pressure of the reference channel, in this
case the absolute pressure of the 12CHF3 sample.

The measurement of the differential pressures of the other three
samples with respect to the reference sample is done using three
Datametrics Capacitance Gauges (Model #572). The Gauges measure
pressure differentials over seven full scale ranges from 100 torr down
to 0.1 torr with a full scale precision of * 0.01% of each full scale
range. The capacitance gauges are calibrated by the manufacturer (NBS
traceable) and provided with 0 - 10 volts DC full scale cutput at the rated

precision of * 0.01%. The specifications for the temperature and

pressure sensors are summarized in Table 4.



Table 3}

Thermal Stabilities Required for CHF, VP Measurement’

3

T(°K) P(torr)b 8T required(xlo_jdeg)c GTPRT (x10-3deg)d GTSQG (x10_3deg)e
143 16.5 1.0 2.5 9.3
165 132 1.4 2.5 1.5
191 751 1.8 2.3 0.36

AHvap (CHF3) = 6x103 cal/mole @ the Boiling Point
From experimental data (Sec. V)
Allowable thermal fluctuation for measurement of a 12 VPIE with 1% precision

Sensitivity of PRT reading

As determined from the Clausius Claperyon eqn with P and T as shown and AP = 0.015 torr

(the SQC sensitivity).

0y



Table 4

Cryostat Tewperature and Pressure Sensor Specifications

Sensor Sensitivity Precision Readability
PRT (SH) .40/ deg +,002% 2.5x107°C
PRT (LRS,URS,ARS,RRS) .40/ deg +052 2.5x10 3°c
TC 30pV/deg +.2% 0.03°C
$QG 1o$f330tiiﬁnts £0.001% 0.015 torr
G 10.000V/ Range +0.012 /Range @x1: 102 torr

@ X.1: 10_3 torr
-4
@ X.01: 10  torr

@ X.001: 10 torr

%



I1Ib. Overall Control/Measurement Design

Shown in Figure 14 is a flow-diagram of the cryostat electronics
interface scheme. This system provides for cryostat operation, that is,
temperature and pressure measurement and control, under manual, auto-
matic (computer controlled) or computer assisted modes. The interface
scheme can be brokem down into five essential aspects:

l. thermocouple interface,

2, pressure instrumentation interface,

3. platinum resistance thermometer interface,

4. heater interface, and

5. computer system.

IIIb.1., Thermocouple Interface

The seven cryostat thermocouples are provided with reference
junctions maintained at the ice-point. The sensor lines then feed to
a terminal board from which the sensors are hardwired to a 12 channel
thermocouple selector switch and to the first seven channels of a 12
channel 12-bit analog-digital converter. The output of the selection
switch feeds into a Non-Linear Systems MX~1 6 digit Digital Volt-Ohm
Meter (DVOM).” The readability of the thermocouples manually on the DVOM
is + 0.000001 V or ~ # 0.03°C whereas the precision of the thermocouple

data acquired via the 12 bit A/D converter is £ 5uV or ~ * 0,15°C.
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IIIb.2. Pressure Measurement Instrumentation Interface

Also connected to the 12 channel selector switch are the cutputs of
the spiral quartz gauge, capacitance gauge system and two Datel (Model
#fDVCB500) calibration voltage sources. Channels 8 and 9 of the A/D
converter are connected to the SQG, and CG outputs, respectively. The
capacitance gauge output is not the direct signal. The CG signal is fed
through a differential amplifier which can be offset by a known voltage
from the calibration source (Channel 10 of A/D converter).

By performing two 12 bit conversions, a conversion of 15 bit pre-
cision can be obtained as follows: For instance, to obtain a 15 bit

A/D conversion of a value X.ABCD o a0 offset signal corresponding to

1

the most significant digit X is applied to the unknown signal, the

10

difference signal is amplified by a known gain of ~ 10 0" and a 12 bit

1

conversion is taken. Separately, the offset signal X, . is converted,

10
and this converted signal is added to the difference signal after the

latter is scaled down by the value of the gain.

X0 12 bit A/D
X.ABCD emveermmmeimeppe~  A.BCD =  A.BCD
/:2 bit A/D
-X.0000 — X + 10
‘ add
X.ABCD 0.ABCD

Thus in the manual mode the S5QG signal is read directly off the decade
counter for highest precision, i.e., * 1 count or % 0.015 torr. The

readability of the SQG using the NLS DVOM is #* 10wV or ~ 1 0.15 torr
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IIIb.2. Pressure Measurement Instrumentation Interface

Also connected to the 12 channel selector switch are the outputs of
the spiral quartz gauge, capacitance gauge system and two Datel (Model
#DVC8500) calibration voltage sources. Channels 8 and 9 of the A/D
converter are connected to the SQG, and CG outputs, respectively. The
capacitance gauge output is not the direct signal. The CG signal is fed
through a differential amplifier which can be offset by a known voltage
from the calibration source (Channel 10 of A/D converter).

By performing two 12 bit conversione, a conversion of 15 bit pre~
cision can be obtained as follows: For instance, to obtain a 15 bit
A/D conversion of a value X.ABCDlD. an offset signal corresponding to

the most significant digit X . is applied to the unknown signal, the

10
difference signal is amplified by a known gain of ~ 1010. and a 12 bit
conversion is taken. Separately, the offset signal xlO is converted,

and this converted signal is added to the difference signal after the

latter is scaled down by the value of the gain.

x10 12 bit A/D
X,ABCD —cemeremm—m——ge-  A.BCD wempme  A.BCD
Az bit A/D
-X.0000 - X + 10
* add
X.ABCD 0.ABCD

Thus in the manual mode the SQG signal is read directly off the decade
counter for highest precision, i.e., £ 1 count or * 0,015 torr. The

readability of the SQG using the NLS DVOM is * 10uV or » £ 0.15 torr



and £ 25uV or &~ ¢ .375 torr using the 12 bit A/D converter. The CG
signal is readable on the DVOM to = 0.1 mV or * 0.01% of full scale and
via the A/D converter to * 0.25% and 2 0,03% of full scale for 12 bit

and 15 bit precision, respectively.

I1Ib.3. Platinum Resistance Thermometer Interface

Thermal measurements, with PRTs, are performed using four wires to
account for lead wire effects. The PRT lines are fed to the cryostat
terminal board and then to a switching circuit. The PRTs are hardwired
to a 4 pole~6 throw Leeds and Northrup low resistance switch for manual
selection and to a series of Magnetic Mercury-Wetted 2 pole-l throw Reed
Relays (2/PRT) for automatic selection of the PRTs. The four-wire
connections are then fed into a Keithley Model 5900 6-digit DVOM for
resistance measurements to * 0.001 ohm (~ * 0.0025°C). Automatic
selection requires the manual switch to be in the open setting. Auto-
matic Selection of the PRTs is done by using the six available digital
outputs of two-digital-analog converter channels (3 bits/channel) to
selectively drive a transistor (GE-28 NPN Silicon) which in turn drives
the appropriate set of relays. The Keithley DVOM provides a high pre-
cision analog output which along with the output from a calibration
source is fed into a differential amplifier (Analog Devices J-52). The
amplifier output is connected to channel 11 of the A/D convertor and the
calibration source to channel 12. Automatic PRT readings correspond to

t 0.025 ohms (t 0.0625°C) and ¢+ 0.0031 ohms (+ 0.0075°C) for 12 bit and



15 bit conversions, respectively.

IIIb.4. Heater Interface

Each of the seven cryostat heaters are supplied with an independ-
ently controllable power supply. These power supplies are adjustable
under manual as well as computer control. A schematic for a heater
power supply is shown in Figure 15. It is built around a GE-251 NPN
Silicon power transistor. Eight such transistors (seven active heaters
and one spare) are connected in parallel to a single 100 VDC at 3.5 amps
power supply. By controlling the voltage on the transistor base the
voltage drop across the heater 1 also controlled. The seven base
voltages for manual control of the seven heaters are supplied by seven
ten turn pots with a common 5.7 VDC at 10 ma power supply. Automatic
control is accomplighed by using the output from the eight (six 12 bit
precision and two 8 bit precision) independently controllable digital-
analog converter channels. With appropriate heat sinking of the power
transistors the circuit has been found to be reliable and stable even

at maximum power settings.

IIIb.5. Computer Specifications

The computer used is a DEC-LSI-11 16 bit microprocessor with

28 K bytes of RAM. The system also supports a programable real time
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clock, a Data Tramnslation 12 channel 12 bit analog-digital converter
(with programable gain), Data Translation 8 channel 12 bit digital-
analog converter and dual single density Shugart Floppy Disk drives
(500 K bytes avallable soft storage). Software control of the computer
and its associated hardware is accomplished under DEC's RT-11 operating
syatem and RT-11 Fortran programing language. This software allows for
interactive operation with the benefits (programing, calculation) of a
high level language such as Fortran. RT-11 Fortran is a fully
structured Fortran language exhibiting true usage of subroutines, over-
lays and libraries, as well as the individual memory access and manipu-

lation of assembler languages.



IIlc. Cryostat Temperature Control and Operation

IIIc.1l., Thermal Control Logic

The control and operation of the cryostat is a rather involved
process, in that the absolute temperature of six independent assemblies,
as well as various temperature differentials, must be controlled and
maintained over extended periods of time. The operation of the cryo-
stat can be broken down into three basic parts, i.e., sample intro-
duction, initial point set-up and normal point to point operation.

In order to introduce the samples, the inner assemblies of the cryostat
are chilled down to below the normal freezing points of the samples.

This is accomplished by siphoning LN, through the RRS cecil and by the

2
addition of helium gas to the inner vacuum jackets. Once a sufficiently
low temperature has been reached, the transfer gas, helium, is removed
and the jackets brought to high vacuum. Typically this procedure,
starting from ambient temperature, requires approximately three hours.
Heater current is then applied to all the cryostat heaters, except to
that of the SH. The heat switch to the SH has been actuated and the
temperatures of all components are raised to slightly above the normal
freezing point. The gas samples are now condensed into the sample
holder, the coldest inner assembly component. From this point on, the
SH must always be colder than the other inner assemblies, so as not to

cause parasitic condensation in the capillary lines. After the samples

have been introduced into the SH, the entire system is brought to the



desired temperature range for the first reading. Shown in Table 5 are
the various thermal differentials that must be maintained constantly
throughout a reading.

All inner assemblies are kept at temperatures greater than that of
the SH to avoid parasitic condensation. However, the RRS is kept colder
than the SH so as to keep the heat switch near the LNz temperature and
to provide for a heat leak environment which is necessary for the
temperature control process. Except for the minor cooling capabllities
of the heat switch for the SH and LRS, none of the other inner assemblies
can be cooled individually. For this reason the trend is always towards
higher temperature. Due to the inability to cool and the thermal
sluggishness of the system, continuous rather than on-off control has been
used. The thermal control logic can be best understood by referring to
Figure 16. For simplicity, consider only one assembly. An initial
current (typically 150 - 350 ma-DC) sufficient teo supply enough power
to bring the component to within ~ -0,2°C of the desired temperature
within a few minutes is applied to the heater. The current is cut back
to a lower level (v 5 - 10 ma) allowing the component temperature to
level-off. In this fashion the system asymptotically approaches the
set-point as the heat input balances the heat loss. The initial current
values are necessary to raise the component temperature, whereas the low
level currents are to offset the heat loss to the enviromment. The
system is allowed to reach equilibrium at whatever temperature the heat
input balances the heat loss. Although the temperature settability is
not very good (v + 0.5°K), the temperature controllability is very
good (v~ % 0.001°K) for this mode of operation. This procedure is applied

to all components such that the SH is always the coldest inner assembly



Table 5

Cryostat Component Temperature Differentials

Thermal Differential

Assembly (with respect to SH temperature)
LRS +0.2°K
URS +0.2°K
ARS +0.5°K
RRS -2.0°K

Note: CL are physically converted to the component through which
they pass, and thus reflect that component thermal differ-
ential.



component and that at equilibrium the thermal differentials in Table 3
are maintained. In actuality, this process 1s\applied to the LRS, URS
and ARS simultaneously. Once the desired temperature has been reached,
the SH temperature is subsequently adjusted. The RRS, due to its large
heat capacity and proximity to LN2. requires the greatest amount of
time to reach the desired temperature. Because of this it 1s heated
almost continuously (Figure 17). Once equilibrium has been reached, as
indicated by temperature fluctuations of the SH as determined from PRT or
vapor pressure readings, the vapor pressure data and temperature data is
recorded. The procedure is repeated for each data point (Figure 18).
Typically each point requires ~ one hour if no complications, such
as parasitic condensation, occur. Overnight the SH power is turned off,
its heat switch turned on and the other component heaters maintained at
low level current settings., In this way the SH is kept coldest so as to
avoid parasitic condensation and the system may be restarted around the
last desired set-point. 1In general, this procedure works well., However,
once parasitic condemsation occurs, the sample from the channel with
parasitic condensation is removed. The CL are warmed up, the SH chilled
down, and the sample re-introduced into the SH slowly. Parasitic con-
densation is generally corrected easily at sample pressures greater than
10 torr, because such pressures provide sufficiently high mass trangfer
rates. Once a run has been completed, heat is applied to all components.
The samples are driven out of the SH into their respective manifolds and

returned to the storage containers.
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IITc.2. Operation/Control Software

The operation and control of the cryostat has been designed to
function from a completely manual to a fully automatic mode depending
on the extent of computer interaction. The software developed mirrors
the thermal control logic previously described and allows for as
flexible a control system as possible.

The Cryostat Pressure/Temperature Interactive Control program, or
CRYPTIC, is structured in the following manner: Various routines or
subprograms which perform a specific task (temperature readings using
thermocouple or platinum resistance thermometer, heater feedback,

Pressure measurements, etc.), are accessed via interaction of the

console operator with the program main. The operator calls the desired
subroutine and, once its operation is complete, control is transferred

back to the main program and the console operator. Some routines can

cycle continuously, and control can be transferred back to the main program
using operator gemerated interrupts from the console terminal. This scheme
allows for maximum flexibility and allows routines to be added or deleted as
required. Presently the program CRYPTIC consists of the main program

and eleven subroutines. Their functions are outlined in the following.

l. KBQ (KeyBoard Query) 1s the main program and it allows for the
operator access to the various subroutines.

2. TCAR (ThermoCouple Automatic Read) is subroutine #1, and it
measures the temperatures of the cryostat components twice over a
specified period of time. The routine calculates the rate of change

of temperatures. This data is printed out on the console terminal as



well as made available to other routines.

3. RTAR (Resistance Thermometer Automatic Read) 1is subroutine #2,
and is jidentical in function as TCAR, but the temperature measurements
are performed with PRTs.

4. HAMAN (Heater Adjust MANual) 1s subroutine #3, and it allows
the operator to access the D/A converter channels from the console
terminal to adjust the cryostat heaters.

5. HAUTO (Heater Adjust AUTOmatic) is subroutine #4, and 1t auto-
matically adjusts the cryostat heaters. The feedback data is determined
by HAUTO which calls TCAR or RTAR. The feedback logic is essentially a
proportional control type with a built-in damping/amplification and
power factors. The input parameters used are the temperature-differences
between variocus cryostat components, €.g., sample holder, lower radiation
shield, etc., and set points (Cf: NUTEM) and alsc the differences among
the cryostat components. Rates of approach to the temperature set point
are also used. This routine cycles constantly and the return to KBQ can
occur by console interrupt only.

6. PTIN (Pressure/Temperature INput) is subroutine #5, and accepts
ag input from the console terminel the precigsion pressure and temperature
data read from the spiral quartz gauge, capacitance gauges and sample
holder PRT. This data is printed out and stored for later access.

7. NUTEM (New TEMperature) is subroutine #6. This routine allows
the operator to set the next desired set point temperature, which would
be an approximate value of the temperature at which the next VPIE data
will be taken.

8. 1INPUT (INPUT of control program data) is subroutine #7. This

subroutine accepts from the conscle terminal the necessary operating



parameters and constants. For example: The run's starting temperature,
temperature increment, wait time between sensor readings for TCs and
PRTs, query wait time for automatic operation, and the various power

gain and damping factors for heater control operations. This information
is made available to all other subroutines.

9. DDUMP (Data DUMP) is subroutine #8, and its function is to dump
all the pressure and temperature data obtained from PTIN onto a disk.

A full printout on the console terminal is also provided.

10. PRESS (PRESSure measurement) is subroutine #9. This routine
performs a 12-bit measurement of the absolute pressure of the reference
gas on one of the capacitance gauge channels; the particular channel is
manually set by the operator.

11, INSTR (INSTRuctions) is subroutine #10, and is simply a printout
of CRYPTIC's operating instructions for the operator.

12. CONV (CONVersion) is subroutine #11, and it provides conversions
of sensor signals (voltage, resistance, etc.,) to physical parameters
(temperature, pressure, etc.)

A listing of CRYPTIC can be found in Appendix C.

However, such factors as the time lage between the initiation of a
new heater power level and the corresponding response at one of the
temperature sensors, power damping factors, cycle time, etc., are
peculiar to each component and system temperature. Such information can
only be obtained empirically. Thus, the present study was performed
under & computer assisted mode, that is, the computer has been used to
convert analog data from keyboard input to temperature/pressure data for
use at the terminal by the operator. Records of the operation and oper-
ating conditions from this and subsequent studies will be used to fix

the necessary parameters for fully automatic-computer control.



IV. PURIFICATION AND ISOTOPIC ANALYSIS OF 12CHFS, 12CDF3 and 13CHF3

IVa. Chemical Purification

12CHF3 was obtained from Linde-Union Carbide and one liter @ NTP

each of 13CHF and 12CDF were purchased from Stohler Isotopes Corpor-

3 3
ation, The 13CHF sample was supposed to have about 90% 13C—enrichment,

3
and the 12CDF3 sample was expected to contain about 98% D.
Initial chemical analysis by gas chromatographic techniques indi-

cated purity levels on the order of 98.8%, 99.99% and 95.5% for lZCHF

12 3

3!
CDF, and 1 CHF3, respectively. The major impurities were COZ' H20

3
12 12 13
and an unknown in CHF3 and CDFB. CHF3 was found to contain C02,

co, H20 and seven additional impurities whose identities have not been
determined.
The following procedures were used to purify these compounds to

acceptable levels:

l261-11-‘3 and 12CDF3: The samples were passed, under vacuum, through

an ascarite column (1.5 ¢m in diameter x 60 cm in length) three times

to remove C02. Subsequent bulb-to-bulb distillation removed HZO'
13CHF3: The sample was initially cleaned by bulb-to-bulb dis-
tillation. It was subsequently purified by passage through an ascarite
column five times and a Chromosorb 102 60/80 mesh column at -50°C eight
times. The sample was repassed three times through ascarite and a final

bulb-to-bulb distillation was performed.



This procedure removed 602, CO and H20 and five of the seven
unknown impurities. The total impurity at this point was ~ 1.0%,
Further purification on the lBCHF

3
gas chromatography. The 13CHF3 sample was passed through two columns

sample was done using preparative

in tandem: A Silica Gel (60/80 mesh) column (3/8" 0.D. x 1/4" I.D. x 6
feet) and an Alumina (80/200 mesh) column (3/8" ).D. x 1/4" 1.D. x 6
feet) at 25°C with Helium as the carrier gas. Numerous fractions were
collected over a period of several hours and analyzed. The two
impurities, which were not removed by bulb-to-bulb and adsorption tech-
niques, eluted before the 13CHF3. Therefore only middle and end
fractions which showed minimail amounts of these impurities were recom-
bined. The final sample size after this procedure was ~ 135 cc at NTP.
The final chemical analysis was performed on a Perkin-Elmer 9000
Gas Chromatograph using Alumina 80/200 mesh and Spherocarb 80/100 mesh
columns (3/32" I.D. x & feet) with Helium as the carrier gas. A thermal
conductivity detector (225 ma) was used with a column flow rate of
19 cc/min at temperatures ranging from 60°C - 225°C. The level of
impurity as determined by this assay after the procedures described
3 12CDF3 and 13CHF

sample could not be further

above are * 18 ppm, 16 ppm and 300 ppm for 12CHF

respectively (Table 6). The 13CHF

3

3

purified, because to do so would not leave us with enough material

to cover a sufficient temperature range in the VPIE analysis.



Table 6

Fluoroform Final Chemical Analysis and Analytical Gas Chromatographic Conditions

Flow ce Retention
o ) - *
Sample Impurity #PPM Coloumn Temperature (°C) Rate (minutes) Time (min)
12
CHF3 (:0{)2 3 Spherocarb 117 19 5.4
HZO 5 Spherocarb 117 19 6.5
Unknown A 10 Spherocarb 173 19 >30
12
CDF3 CO2 10 117 19 5.4
H20 1 117 19 6.5
Unknown A 5 171 19 >30
13CHF3 Unknown B 200 Alumina 60 19 0.50
Unknown C 50 Alumina 60 19 1.20

*Retention time is with respect to air.
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IVb. Isotopic Analysis

After purification, the samples were analyzed for their isotopic
content. The analysis was performed on a Kratos MS30 Dual Beam Mass
Spectrometer - DS50 Data Base System (courtesy of Dr. Iden, Mass
Spectrometry Laboratory, Departments of Chemistry and Pharmacology,
State University of New York at Stony Brook). The data after being
corrected for relative 1ntensitie329 yielded the results tabulated in

Table 7. Note that the chemical purities are also summarized in Table

7.



Table 7

Chemical and Isotopic Analysis of Purified Isotopic Fluoroform Samples

Sample 12CHF 12CDF 13CHF
3 3 3
Chem Purity 99,998 99.998 99,97
Isotopic Content
4 12CHF3 99.3 3.0 17.6
2 B, 0.7 - 82.4
z 12CDF3 - 96.1 -
Z 13CDF - 0.9 -

£9



V. EXPERIMENTAL RESULTS

Va. Experimental Vapor Pressure Data

The experimental vapor pressure obtained, over scveral weeks, is

summarized in Tables 8 and 9 for the (12/13) and (H/D) effects,

respectively. In these tables P' is the pressure of 12CHF3,
pressure of 13CHF3 and 12CDF3 in Tables 7 and 8, respectively, and

P the

AP = P'-P. This data is plotted in Figures 19 and 20 for the (12/13)
and (H/D) effects, respectively. The temperature range covered was
from ~ 126°K (-147°C) to ~ 212°K (-61°C) which corresponds to a vapor
pressure range of approximately 1.6 torr to 2204 torr. The (12/13)
VPIE is an inverse effect (P(lBCHFB) > P(lchF3)) whereas the (H/D)

12CHFB) > P(IZCDFa)). The vapor

effect was found to be normal (P(
pressure data of the reference sample (12CHF3) was compared to that
of Giauque, Brodale and Valentine.30 and our temperature scale was
consistent with their temperature scale to within 0.05°K. No attempt

to correct our temperature scale was made due to the limited amount of

Gliauque's data (13 points) especially at the low vapor pressure end.



Tahle 8:

Carbon Vapor Pressure Tsotope Effects in Fluoroferm

T 10°/T

No (°K) (K h
1 133.21 7.479
2 134,49 7.424
3 135.17 7.378
4 133.72 7.368
- ] 134.17 7.344
6 13664 2,319
? 137.04 7.297
] 137.64 7.2435
? 130.06 7.241
10 137.06 7.1
1" 137.18 7.183
12 139.73 7.134
13 140.43 7.121
4 141.27 7.07¢
1% 142.43 7.040
16 143.02 6.992
17 143.24 $.981
18 144,44 $.74
19 144,93 &.89Y
20 143.76 4.961
2 144.14 $.843
22 14860 6019
23 147.45  4.773
240 18,5  6.730
25 149,14 $.704
2é 149.94 &.670

P 1n(P12/P13)
(Torr) Date
4.0871 -0.4848 18/28
3.3502 -9.4712 10/2)
s.2n -0.46742 10/28
6.359% -0.8444 10/29
$.2179 -0.4574 10/23
7.1478 -0.6842 10728
7.5104 -0.4417 10/29
8.1112 -8.4344 19/23
8.35472 -9.64%9 10729
?.4474 -0.8444 10/29
?.7927 -0.64810 10/23
10.4%94 ~-0.4310 10/2¢
t1.304 -§.4300 10/29
12.37% -§.644% 10/2%
13.781 -0.4313 10729
135.327 -9.4174 10724
15.723 -8.6324 10729
18.343 -0.4404 10724
19.023 -9.4227 10/34
20.773 -0.4312 10/30
21.46482 -9.6384 18/24
22.883 -0,4302 19/30
25.464 -0.4244 10/24
29.032 -$.4102 10/30
29.7%6 ~§.46244 10/24
32.274 -0.6134 10/30

[ continued ]
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[ Table 8; continued ]

103/T

» ¥
T i In(P],/P )
No. (°K) (°K 1) (Torr) Date
27 130.4% 6.638 34.4680 -8.4140 19724
28 151.13 6.6V7 36.375 -0.4041 10/2%
29 151.94 $.301 37.432 =0.4124 190723
3 152.18 $.57% 40.372 -$.408% 16/24
31 192.4é $.3550 42.310 -.4028 16/30
32 153.14 6.529 44,441 -0.4026 10/23
13 153.47 6.300 446.5622 -0.4070 10/24
1] 154.17 b.484 48.90?7 -0.46000 10723
35 153.13 6.443 33.711 -8.3947 10/23
3 156.14 $.404 39.000 -0.390 10723
37 157.14 $.363 64.4640 -9.5639 10/23
R { | 157.43 $.352 66.27% -0.5944 10730
1 158.17 6,322 70.914 -0,9828 10/25
40 159.23 4.200 77.870 -9.3904 18/30
]} 160.24 $.24% 95.247 -0.392¢4 10730
42 160.41 4.226 87.943 -0,57%2 10/21
43 161.53 4$.190 935.287 -0.30%2 10736
44 162.13 $.149 100.18 -0.5714 10/24
43 142. 84 d.149 104,43 ~-0.5764 10/21
44 143.17 $.129 107.12 ~-8.5714 10724
47 143.93 6.100 116.49 -9.57%52 10/30
A8 164.7% 4.070 124.41 -0.35649 14726
49 14516 6.055 120.5¢ -0,5487 w2
50 165.84 4.029 138.14 -0.5737 10/30
51 166.73 5,997 146.03 -9.5573 10/26
52 147.14 3.983 150.76 -0.55%2 10/

[ continued )
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{ Table 8; continued ]

3 ]
T 103/1 P T In(Rl /P )
No. ) (kh (Torr) Date
53 160.15  5.947 143.02 -0.5580 10724
St 189.14 S5.912 126.10 -0.5570 10/21
55 170.44  S5.047 194.24 -6.5511 10/24
S6  120.16  5.842 205.27 -0.3522 12
S7  171.45 5.926 212.58 -0.5492 1026
S8 172.18 S5.08 221.24 -0.5408 10/22
59 172.85  5.78% 232.40 -0.5476 10726
60 17416 5.742 293.53 -0.5551 19/22
6 17464 3.726 264.29 -0.5428 10726
62 175.64 S.4%4 203.80 -0.5419  10/26
63 17617 S.67 294.49 -0.5485  10/22
4 17253 5.433 323. 66 -0.5320 12
65 170,23 S.éN1 339,13 -0.5470 /22
&  179.3%  5.549 370.96 -0.5329 10727
& 190.14  5.55 385.9 -0.5417 10722
0 10094  5.527 406.58 -0.5310 10/27
¢ 1044 5.508 425.71 -0.5223  10/22
70 182,30 5.48% NYRT -0.5203  10/27
7% 103.44  3.448 AB4.05 -0.5203 1/23
72 104.58  5.418 512.03 -0.5244  10/31
73 185.21 5.399 534.05 -0.5197 10/
74 185.42 5.3 547.73 -0.5206 10/2)
75 186.06  5.375 542,51 -0.5218 10/2?
7%  187.43  5.330 618.52 -0.5161  10/23
77 1e8.62  5.302 456,53 -0.5140  10/27
7 189.22  5.285 580,84 -0.5180  10/27

[ continued ]
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[ Table 8; continued )

3 o '
T 107/T P T ln(P12/P13)
No. Cr) kY (Torr) Date
79 109.66  5.273 98.02 -0.515%5 1&/23
00 199.54  5.248 735.04 -4.5104  10/31
81 191.24 5.2 766.14 -0.5050 10727
92 19205  5.207 802.20 -0.5064 10/2?
3 193.02 5.8 047.5¢ -0.5057 10/31
M4 1924 S.148 904.03 -0.4955 W2
85 195.12 5.12% 952.43 0491 10727
B 196,82 5001 1000.9 -0.50%4  10/31
97 197.05  5.075  1054.9 -0.4977 W
B 198.10 5.048  1118.3 -0.4014 10731
89 190.44  5.034  1150.5 -0.4916 10722
0 199.66  5.008 1215.0 -0.4024  10/3%

89
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Figure 19. 12/13 Vapor Pressure Isotope Effect in Fluoroform
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Table 9:

Hydrogen Vapor Pressure Isotope Effects in Fluoroform

T 1037

No. ) (°KhH
1 126,00 7.936
2 12695  7.872
3 12284 7.922
12072 7249
S 129.16  7.742
i 12080 7.8
7 129.97  7.6%
8 13051 7.442
? 131,35 7.402
10 13254 7.545
1 1330 72,518
12 13353 2.499
13 13821 7.479
1 137 7.9
15 134,15 72.454
16 1315 7,458
17 13469 7.424
19 135014 7.400
19 13547 2.399
20 135.17 2.3
N 13572 7.348
22 13416 7.344
23 13647 7.3M
20 13680 2,319
25 136.66  2.317
2% 137,04 7.297

]
P T ln(PH/PD)
{Torr) Date
1.6471 +4,404 09700
1.8993 4,349 49/00
2.1400 +4. 08 09/08
2.43597 +4,.347 0%/08
2.6142 +4.479 10728
2.0124 +4.308 0v/08
2.1212 +4.378 10/20
3. 1610 +4.277 09/08
3.6354 +4,244 09/08
4.1889 +4,233 0%/08
4,4587 4,611 10723
§.7712 +4.39) 08/13
4.0871 +4. 440 10/29
4,%099 44,241 09/908
5.1820 +4.347 08/13
5.1828 +4.271 49/02
5.35302 +4.403 18/23
5.8993 +4.35¢0 08/13
3.9221 +4,405 10729
3.9237 +4.214 0%/02
4.3594 +4,.514 19727
$.7140 +4.341 08/11
&.717¢ +4.913 14/23
7.1478 +4.394 10/28
7.1813% 44,257 09/02
7.5104 +4.497 10729

[ continued ]
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[ Table 9; continued ]

T 1031
No. (B) (kY
2 1.4 7.92
M 13766 7.265
29 13778 7.2%
30 130.06 7.243
N 13806 7.238
2 1832 7.230
33 139.44 7.223
M 1% 7.1%
I  139.06 7.9
3 1396 7.8k
¥ 138 7.185
I8 139.45  2.161
39 13975 7.156
0 1003 2.37
M 14015 7.138
A2 140.43 7421
A3 14078 7.403
4 14084 7.100
AS a5 7.085
4 141.27 2.079
V1A 2.072
a8 142,05 7.040
9 142,07 7.0M
50 142,17 7.034
51 142,53 7.014
52 12,84 7.010

P T ln(PH/PD)
(Torr) Date
7.9914 +4.317 08/1)
8.1112 +4.470 10723
8.2454 +4,267 09/02
8.5472 +4.406 10729
B.4433 44,307 08/13
8.8475 +4,247 09/08
2.007 44,202 09/1?
2.35544 +4,243 09702
9.6494 44,341 10729
.81 +4,183 08/19
?.7927 +4.424 10/23
10.422 4,207 09/08
10.494 +4.342 16/29
11.014 +4.233 $9/02
11.052 +4.144 08/19
11.384 +4,324 10/29
11.927 +4,314 09/15
11.97% +4,.215 09/08
12.414 +4,109 QB/19
12.5720 +4, 311 10729
12.778 +4,222 09702
13.7614 +4.301 10/29
13.947 +4.239 09/13%
13.983 +4.131 08/19
14,343 +4.201 09/02
14.7%7 +4,198 08/20

[ continued ]
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{ Table 9; continued ]

3 '
T 107/T P T ln(PH/PD)
No. e Y (Torr) Date
$3  143.02 4.992 15.327 321 1N
54 143.14  &.984 15.595 +.192  08/19
55 143.2¢ .99 15.723 202 10729
56 143.64 4982 16.501 14,223 09/13
$7 374 4.957 16,497 203 09702
S8 14414 6.938 17.438 s4.185  08/19
SY 14064 6.914 18.343 .29 10/24
80 14495 5899 19.023 230 W
O 14498 4.098 19.102 +4.206 09702
62 145.14  6.890 19.474 04,200 09/19
63 145.04  6.8%0 19.489 00165 08/20
8 14574 6.8 20.773 14,223 10/W0
5 14683 6.843 21,468 W.240 09700
6 146.14  6.843 21.462 240 10724
67 14604 6.843 21.712 +4.142  08/20
68 146.55  6.024 22.483 4189 09/03
€ 14664 6.819 22,883 +4,20 10730
70 146,67 6.817 23.019 . +4.192  09/15
N 14745 6,79 24,199 4,120 08/2¢
72 147.7  6.795 24.2382 s.118 09/15
73 147.43 6.783 24.923 s4.191 09708
240 142,55 6.777 25.260 s.163 09703
75 147.60 4.775 25.405 4148 09/1S
76 147.65  6.773 25.484 +0.099  10/24
77 14845 6.750 26.913 +0.107 08720
78 149.43 6737 27.724 sL145 09714

[ continued )
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{ Table 9; continued |

3 '
T 107 /T P T ln(PH/PD)
No. (°x) e 1) {Torr) Date
79 148,56 6.73% 28.032 +4.170 10730
00 148.7¢ 6.722 28.459 +4,143 09/03
)] 149,15 6.703 29.816 +4.097 08/20
82 149.14 4.70% 2%.796 +4.1467 16724
) 149,16 6.704 27.879 +4.120 09/08
[ T] 149.44 8.492 10.4689 +4,134 09 /14
03 149.94 4.670 32.2M1 +4,143 10/30
T 149.94 6.548 32.410 +4,12% #9/03
8?7 130.15 4.680 33.048 +4,089 08/29
1] 150.44 6.647 33.788 4,129 09/14
1.} 150.64 6.638 34.705 +4,147 0%/08
90 150.483 $.438 34,441 +4.138 10/24
" 151.13 &.817 38.375 +4,120 10/2%
92 151,13 §.817 36.438 +4.103 09/03
93 131,14 d.416 34.54¢4 +4.076 08/20
94 151.44 $.603 37.584 +4.112 0%/14
93 151.94 §.581 37.452 +4.087 10/2%
94 132,14 6.572 40.374 +4.046 08/20
97 152.18 8.5 40.372 +4.10% 10/24
98 132,35 4.944 41.138 +4,001 99703
V¢ 152.47 6.559 4.613 +4.093 09714
100 152.46 6.550 42.318 +4.100 10730
101 152.484 6,550 42.486 +4,079 s/
102 153.12 4.531 4,13 +4.077 /1
193 133.14 6.530 44,444 +4.032 08/20
104 153.14 6.529 44,441 +4.048 10/25

[ continued ]
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[ Table 9; continued ]

3 '
T 10°/T P T In(Ry/P))
No. (°K) (°K-1) (Torr) Date
103 133.353 6.513 44.244 +4.042 09/03
106 153.467 6.500 45.622 +4,084 10724
107 154.17 6.484 48.%07 +4,.038 10/2%
108 154.34 $.478 49.93¢9 +4.056 e/
109 194,43 4. 064 31.272 +4.077 /N
114 154.77 6.461 51.919 +4,043 09703
(31 133.13 6.44% 93. 7211 +4.047 10/23
12 135.15 5.445 53.830 +4,042 os/21
13 135.43 6.425 56.470 4,079 0%/08
"4 155.94 6.41) 57.947 +4,024 09703
13 135.93 6.412 58.040 +4,042 09/14
1 154.14 6.404 59.009 +4,032 10/2%
117 194.16 6.404 9t.128 +4,024 08/21
118 157.12 6.365 64,3579 +4,042 09/08
11?9 157.14 6.354 64,407 +4,.009 0r/03
129 157,18 4.3463 84,648 +4,023 10/23
121 157.14 §6.343 44,804 +4.009 08/21
122 197.24 4$.340 65,183 +4.041 a%/ 11
123 157.43 6.332 86.2720 +4,022 14/30
124 187.482 6.344 §7.5641 +4.034 08727
125 158.15 §.32) 70.803 +3.994 08/
124 158.17 8.322 70.914 +4.,008 10/2%
127 138.34 4.314 72.083 +3.%87 09703
128 158.47 $.302 74,251 +4.033 09/12
129 158.93 .29 76,132 +4.018 097408
130 137.13 6.283 77.481 +3,978 08/21

[ continued )
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[ Table 9; continued }

3 1
T 107/T P T ln(P"/PD)
No. (°K) (°K l) (Torr) Date
1) 159.23 6.280 77.870 +3.994 10730
132 139.31 §.277 70.599 +3.99? 08/27
133 139.54 5.248 80.177 +3.973 09/03
134 140,14 6.244 84.4870 +4.003 /12
135 140.19 6.243 84.785 +1.998 09/08
1346 140.24 8.240 95.247 +3.973 1/34
137 140.74 $.22t $9.042 43,953 0%/03
131 180.74 4.221 89.127 +1.977 08/27
139 161.3% 4.190 93.287 +31.954 10/3%
140 t61.468 .10 95.487 +3.972 09/12
141 161.70 4.184 96.563) +3.94 09703
142 161.94 4.17% 8.382 +3.937 #9703
143 162.97 4,170 9.743 +3.9356 98/27
144 162.13 é.148 100.19 +3.944 10/28
143 162.84 b.149 104,43 +3.911 1/
144 162.94 6.137 107.34 +3.929 99703
147 143.12 .11 108.98 +3.94¢6 09/12
149 143.17 6,129 109.12 +3.92 10/28
149 163.24 $.125 110.1% +3.938 08/27
150 143.44 §.110 113.82 +3.098 10/20
131 143.93 $.100 116.49 +3.921 10/30
152 164,15 $.092 118.64 +31.%02 09704
133 164.35 ¢.0084 120.47 +3.97 08/27
154 144,73 $.070 124.41 +1.%0¢ 10/2%
133 164.73 6.070 124.350 +3.919 09712
1534 169,14 6.056 128.462 +31.920 0%/0¢

[ continued ]
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[ Table 9; continued ]

3 '
T 107 /T P T ln(PH/PD)
No. {°K) (°K'1) (Torxr) Date
157 163.14 4.033 128.59 +3.897 10/21
138 145,34 4,048 130.78 +3.8083% 09/04
139 165,97 4,040 133.12 +3.900 08/27
171 143.04 $.029 136.14 +3,.084 10/30
161 166,12 4.020 139.30 +3.907 09714
142 166,15 4.019 139.3¢ +3.881 10/22
143 166.27 $.014 140.86 +3.894 0%/12
144 164.56 $.004 144.00 +3.869 09/04
143 166,43 $.000 145, 31 +].060 a9/09
144 166.73 5.997 146.03 +3.870 10/24
147 146.79 S.99% 144.74 +].881 08/27
148 167.14 5.983 150.74 +1.840 10/21
149 147.50 3.970 155.31 +3.058 0%/04
170 147.7% 3.941 158.53 +3.851 a%v/04
171 167.046 5.957 159.48 +3.870 9%/12
172 167.97 5.934 141.08 +3.870 08/28
173 14815 3.947 163.02 +1.849 10/26
174 160.73 5.927 174.70 +3.834 09704
173 149,09 35,914 175.47 +31.849 0v/09
176 187.14 5.912 176.10 +31.832 jorn
177 14719 3.911 176,96 +3.843 d8/28
178 149.43 3.%01 180. 40 +3.844 09/12
179 169.%6 3.884 187.54 +3.814 49/04
180 170,36 5.870 193.42 +3.820 08/28
19 170,44 S$.847 194. 24 +3.81%5 10/24
182 121.04 5.847 2031.57 +3.019 09/12

[ continued ]}
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[ Table 9; continued )

3 L]
T 107/T P T ln(P“/PD)
No. (°K) {°K 1) {Torr) Date
183 171.14 3.6843 205.14 +3.800 09/04
194 171.18 5.842 203.27 +3.808 10/21
185 121,53 5.829 211.46 +3,800 08/28
184 171.43 5.824 212,38 +3,798 10/24
197 172.18% 5.808 221.24 +3.797 10/22
188 172.37 5.801 224,42 +3.77¢ 07/04
197 172.74 3.789 231,08 +3. 791 0?/42
190 172.76 3.7 231,23 +3.702 08/28
1} 21 172.8% 5.783 2312.480 +3.780 10/24
192 173.56 $.762 244.04 +3.742 09/04
193 173.94 5.74% 252.02 +].754 08/28
194 174,04 3.744 253.40 +1,770 09/09
199 17414 5.742 253.53 +3,743% 10/22
196 174.43 9.732 241.18 +31.743 09/12
197 174.44 3.726 264.29 +3.75% 10724
7 174.24 5.723 204.78 +3.745 09/04
199 175.15 5.709 274,40 +3.74% 08/28
200 173.44 S.4%4 283.80 13.741 19724
20 179.46 9.493 284.40 +3.742 99/09
202 175.93 S3.684 290.41 +3.728 9%/04
203 176.14 3.677 294.46 43.736 9/12
204 176.17 3.676 294.49 +3.740 10/22
20% 126.34 3.670 299.74 +3.728 08/28
204 177.14 35.84% 315.69 +3,.710 09/04
207 177.33 5.633 323.464 +3.215 10/27
208 177.53 3.432 324.20 +3.713 08/28

[ continued ]
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[ Table 9; continued ]

3 v [ ]
T 107 /1 P T ln(PH/PD)
No. (°K) (°K 1) {Torr) Date
209 177.84 5.623 330.93 +3.710 09712
210 178.1) S.814 337.45 +3.709 $9/0Y
M1 179.23 5.611 339.15 +3.707 10/22
212 178.44 5.4604 344.60 +3.4696 09/04
213 170.74 5.5%4 3152.13 +3.493 as/20
214 179.54 5.570 7.4 +3.484 09/13
213 179.54 3.3549 370.9% +3.486 10/27
216 177.4 3.540 372.%8 +3,4682 09/09
217 129.7% 5.543 376.52 +3,674 09/04
219 179.95 3.597 3sl. 21 +1.47% 08/28
a1y 180.14 3.5991 385.91 +3.681 10/22
220 180.94 5.527 406.38 +3.4646% 10/2?
221 181.03 "5.523 410,09 +3.433 09704
222 184.13 3.521 412.32 +3,444 09/14
223 18114 3.520 412.87 +3.4681 08/28
224 189.25 5.517 415.32 +3,441 99/13
22% 181.44 5.505 425.721 +3.668 10/22
224 181.47 9.30% 427.08 +3.43) 09709
227 182.30 3.406 444,18 +3.647 10/27
228 182.35 S.484 445.1 +1.84%7 09/03
229 182,35 9.464 443.98 +3.4843 08/29
230 192.9% J.466 443.%Y +1.634 09/11
25 183.58 3.448 481.78 +3.627 08720
232 183.463 3,444 484.23 +3.421 097035
2133 183.64 3. 445 484.0% +3.441 10/23
234 184.13 5.4 499.64 +3.4620 09709

[ continued ]
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[ Table 9; continued ]

3 '
T 10°/T p T ln(PH/PD)
No. (°K) (°K 1) (Torr) Date
233 184.589 3.418 312.83 +3.59% 19/31
234 104.44 S.414 313.48 13,411 09/13
23?7 184.73 5.413 519.55 +3.612 08/29
218 104.97 S.404 524,37 +3.600 09/09
230 185.21 5.377 334,03 +3.4615 10/27
240 185.42 9.397 547.73 +3.61% 10/23
24 185.04 3.378 $58.7% +3.597 48/28
rlY¥, 184.08 9.373 562.91 +3.4601 10727
243 1804.24 9.349 5469.64 +1.58?7 09705
244 1046.33 5.344 $72.95 +31.589 A TAK]
243 187.13 35.344 601.00 +3.579 09/14
244 187.14 35.344 401.28 +3.974 9/09
247 187.14 5.344 401.34 +3.579 08/29
240 187.54 3.332 816.16 +3.370 09/03
24¢% 197.43 3.330 618.32 43,901 10/23
250 186.13 3.314 638,23 +3,364 09/11
251 108.3% 9.30% 646.25 +1.560 08/29
252 188.42 5.302 656.53 +3.965 10727
233 190.84 3.293 6466.32 +3.549 09/0%
254 189.22 3.208% 680.81 43,559 10727
255 109.43 5.273 §98.41 +3,337 0%/10
254 109. 64 3.273 699.02 +3.3950 10/23
257 189.93 5.265 709.463 +3.536 0%/13
259 190.15 5.25%¢% 719.08 +3,.529 09/0%
2%¢ 190.354 5.248 735.06 +3.524 10/
240 191.19 35.232 742.84 +3.514 09/16

[ continued ]}
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{ Table 9; continued ]

3 '
T 103/1 P T 1n(PL/P))
No. GG (Torr) Date
260 191,24 5.229 766.14 +3.529 10727
262 191.44  5.224 775.41 +3.509  09/05
243 191.63  5.218 783.28 +3.509  10/23
204 191,47 5.217 705.74 +3.511 0913
25 192,05  $.207 802.20 03.514 10727
266 19215 5.204 $07.74 43,500 0¥/10
267 193.02 5.0 847.59 ¢3.489 10731
268 193.12  5.178 853.14 +3.489  09/05
269 19314 5.79 853.41 43491 09716
220 193.63  S.144 $75.68 3.47% 10723
220 19424 5.148 906.83 +3.492 10727
272 194,43 5.138 927.92 43470 09/10
73 195.12  5.125 952.43 3474 /D
2746 19512 5.12% 953.20 23464 09705
275 195.14  S5.124 953.98 +3.860 016
276  195.65  S.1H0 980.03 43432 10/23
277 196.02  5.101 1000.9 +3.433  to/1
278 197.05  5.075  1056.9 23,432 W0/
229  197.12  5.073  1043.4 s3.441 09710
200 197.15  5.072  1043.9 +3.437 09716
201 197.15  5.072  1084.1 +3.440 09705
282 197.66  5.059  1091.8 3412 23
203 198.10  5.048  1118.5 +3.408  10/31
284 198.44  5.034  1150.5 $3.418  10/27
205 19915 5.021 1183.8 o3.416 09705
286 199.640 5.010  1210.9 .37 1072,

[ continued ]
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[ Table 9; continued ]

10°/1

T p T ln(P“/PD)
No. (°K) (°K-l) {Torr) Date
297 199.44 5.008 1215.0 43,384 19/31
288 200.45 4.9% 1247.2 +3.407 09/18
289 201.13 4.9 1313.4 43,392 09/03
290 203.14 4.923 1452.4 +3.38% ae/1é
rid] 203.17 4,922 1435.4 +1.3%7 09/03
292 205.14 4.873 1607.4 +3.324 0v/1é
213 207.13 4.828 1770.4 3.2 9/16
74 212.14 4.213 2237.2 +3.179 09714

18
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Vb. Data Reduction

1. Correction for Ilsotopic Content

The experimentally observed data of P and AP (=

reference

P - P ) for each effect had to be corrected for isotopic
reference sample

content so that the quantity P'/P could be cbtained. The isotopic

mixtures are treated ideally. Application of isotopic analysis
(Section 1V) yields the following:

12 1

PI
13° 7 1—1.216(AP ) ’ V-
Pref
and
H P’ 1
p° P |1 -1.031/aF ) v=(2)
Pref
where the following approximations have been made: P = P' and, for

ref
the calculation of the H/D effect, P(ISCHF3) ~ P(12CHF3). These approxi-

mations are valid based on the isotopic content data and the level of
the observed isotope effect. The errors introduced by these approxi-
mations are on the order of 0.010% and 0.014% for the 12/13 and H/D

effects, respectively.

2. Non-Ideality Corrections
In order to obtain fc/f8 data, the P'/P data must be corrected for

gas non-ideality30 and condensed phase molar volume isotopic



differencea.3l These terms are given in Eq. I-(6).

f
€ ma B - X -
Iin fg 1n P [1 +.Pref (B0 RT)] . I-(6)
where B (torr_l) - -39;'2
© T

and

v -1 1.12x1073
== (torr 7) = -3
2.10T - 3.,37x10 °T

RT 2

The VPIE for CHF3 as a function of temperature can be summarized as follows:

12/13 VPIE:
ln(f_c <l1n 1 1+(P ) (—397.2 _ 1.12x1073 )
fa/ 1'1‘216(%2——) ref)r\ 13 2.10T-3.37x10" 1%
ref
T
v-(3)
and
H/D VPIE:
£ ~3
1 -397.2 1.12x10
1n{==] =|in 1+(P ) ( - - )
(fs).r 1'1'031(-3-?—) (“f N 10 2.101-3.37x107017
ref
T
V=(4)



fcffg data is tabulated in Tables 10 and 11 for the 12/13 and H/D
effects, respectively, and plotted in Figures 21 and 22 for the

respective effects.



Table 10: Corrected Carbon Vapor Pressure Isotope Effect in Fluoroform

No.

o kg mn et b et ash
M NCA WA =N A R AT -

NN
- u

~N N
&b W

NN N
= A A

T

(°K)

133.21
134.47
133.17
133.72
136.17
136.64
132.04
137.44
138.04
139.04
139.10
139.75
140.43
144.27
142.43
143.02
143. 24
144.44
144.93
143.74
146.14
144.44
147.435
148.34
147.14
149.94

103/T

¢k

7.470%
7.4243
2.3781
7.3481
7.3412
2.3183
7.29N
7.2643
7.2432
7.0
7.1849
7.1556
7.121%
7.0784
7.0378
6.,9920
4,781}
.11
6.0907
$.0404
6.9428
6.81%4
$.7728
6.7313
6.7042
b. 649

{ continued ]

In £ /£
¢’ g

-0.60340-02
-0.40690-92
-9.403460-02
-0.3%618-02
-0.50430-02
-0.37013-02
-0.54840-02
~0.37709-02
~8.34783-02

'-0.56249-02

-0.34340-02
~8.34530-02
-0.56140-02
-0.53300-42
-0.53710-02
-0.5236D-02
-0.33540-02
-0.353400-02
-0.52008-402
~0.32499-02
-0.52799-02
-0.352080-02
-4.51230-02
~0.49730-02
~0.50710-02
-0.49330-02

T In £ /f
c' g
(°K)

-0.807¢
-4.8174
-0.8184
-0.8091
-0.7964
~9.8043
-9. 7".
-0.2743
-0.7040
-4.7820
-0.7841
-0.790%
-0.7897
-0.7824
-. ] 7658
-0.7480
-Q.764%
-0.7764
-9.7349
=0.74651
-9.7713
~0.72637
-0.7547
-0.731
~0.7564
-0.7424

98



[ Table 10; continued ]

No.

27
28
2?
3
L]
12
3
L
33
3
37
38
3
L]
L]
42
43
44
4
4%
47
L1
L}
3
i
32

T

(°K)

150.43
131.13
151.94
152.18
132.66
133.14
133.47
134.17
153.13
156.16
157.14
137.43
138.17
159.23
160.24
160.81
161.53
162.13
162.44
143.17
143.93
144.73
143.14
143.94
166.75
167.14

103/T

kY

6.4379
6.0148
6.3813
$.3712
4.3303
6.320
6.3073
6.4043
6.4434
6.4037
6. 3429
6.332¢
$.3223
$.2002
6.217¢
$.2243
4.1900
b.147¢
b.148%
4.1204
$.09%4
4.0498
4.0347
4.0292
3.9970
3.7830

[ continued ]

In £ /f
c g

~0.47499-02
-0.48330-02
-0.48780-02
-9.48400-02
<0.47760-92
-0.47380-02
-0.47760-82
-$.472040-02
-9.44310-02
~0.43440-02
-0.43000-02
-8.43370-02
=0, 44430-02
-0.44720-92
-0.443460-02
-0.43130-02
-9.43629-02
~§.42449-02
-§.42449-02
-9.42140-92
-0.42100-02
-0.41200-92
-0.41340-02
-0.41320-02
-0.40240-02
-0.40129-02

T In f /f
c g
(°K)

-0.7434
-0.7333%
-0.7411
-4.2364
-8.7291
-8.7207
-4.733¢
-0.7233
-9.72183
-0.72127
-90.7072
-8.7174
-9.7031
-9.7124
-0.7144
-0.4930
~0.7044
-0.4880
-0.46933
-0.4075
-0.4913
-0.46787
-0.4831
-0,4887
~Q.470%
-0.4706

L8



[ Table 10; continued ]

No.

4
33

3
38
3
&
1)
62
4
' 1]
43
4
' 14
68
&9
70
ra)
72
73
74
73
24
77
78

T

(°K)

148.13
167.14
170. 44
1I71.14
121.43
172.18
172.83
174.04
174,84
173.44
176,17
177.53
170.23
177.34
180.14
180.94
181,44
182.30
18). 44
184.38
183.21
183.42
184.94
187.43
1098.42
109.22

103/1

cxh

3.9471
3.9123
3.0472
3.0423
3.0258
5.807%
3.7034
3.7418
3.7281
3.46933
9.4743
3.4327
3.46107
3.3492
9.9312
3.5267
3.5054
3.4833
34454
3.4177
3.3793
9.3874
3.3744
3.329%
3.3017
3.2047

[ continued ]

In f /£
cC B

-0.39763-02
-0.39480-02
-9.30640-82
-0.38540-02
-0.30219-02
-0.30879-02
-0.372780-02
-0.37969-02
’-0.369’!-02
-0.34680-02
-0.36999-02
-$.33879-02
=0.34370-02
-0.33109-02
-0.33340-02
-0.34440-02
-0.33910-02
-0.34140-02
-0.33300-02
-0.33340-02
-9.32908-02
-0.3268460-02
-9.32830-02
-0.32119-02
-0.31730-02
-0.31410-02

In £ /£
c 8
(°K)

-8.6484
-0.6477
-4.4387
-8.4597
~0.45358
-0.6493
-0.4331
~-0. 4611
~0.4441
~0.6442
-.0‘517
-0.4349
-0.4482
-0.4303
~0.46402
-..62“
-0.6139
-$.4223
-.6114
-0.413%
-0.4093
-0.40%7
-0.6108
-0.4023
-0.378¢
-0.3782

88



{ Table 10; continued ]

No
79
"
1
|}
"’
84
”»
1]
8?
s
8?
4

T

(°K)

109.4é
190.54
191.24
192.03
193.92
194.24
193.12
196.02
197.0%
198.1¢
198.44
199.44

103/T

-1

(°k )

3.2726
3.2482
3.2
5.207¢
3.1008
3.1483
3.1231
3.1013
3.0747
S.0400
3.0342
3.0083%

in £ /£
c B

-0.31410-02
-0.31090-02
=0,30410-02
-0.3051D-02
-0.30230-02
-9.29370-02
-9.2922)-02
-9.29540-02
-9.20070-02
-0.28300-02
-0.28190-02
-9.27430-02

In £ /£
c B
(°K)

-0.39%4
-0.5924
-..’.53
-9.395¢9
-0.583¢
-0.35704
-0.3701
~0.5795
'9.5‘93
-0,3604
-4, “.'
-0.3481

68
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Figure 21. Corrected 12/13 Vapor Pressure Isotope Effect in Fluoroform
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Table 11:

Corrected Hydrogen Vapor Pressure Isotope Effect in Fluoroform

-4
[«

~ P M) e m ms mt me A W e A ae

N
P

T

(°K)

126.80
126.93
127.84
128.72
129.1é
129.44
129.97
130.51
131.33
132.54
133.01
131.53
133.21
133.73
134.13
134.13
134.49
135.14
135.17
135.17
133.72
136.14
136.17
136.84
134.44
137.04

7.9343
7.8771
7.8223
7.7688
7.7423
7.7137
7.4041
7.6622
7.4017
7.344%
7.5182
7.48%¢
7.4789
7.4744
7.4343
7.4343
7.4243
7.39%7
7.3701
7.3%01
7.3600
7.3443
7.3438
7.3183
7.3174
7.291

[ continued ]

In £ /£
c g

0.36060-01
0.35470-01
0.33430-01
0.34820-01
0.37330-01
0.34260-00
0.36320-01
0.33790-01
0.33410-01
0.32920-01
0.33730-01
0.33090-01
0.34220-01
0.32830-01
0.33550-01
9.32039-01
0.33490-01
¢.33170-04
§.33308-01
0.32160-01
0.3429-01
0.326830-01
0.34130-01
0.33130-01
0.32099-01
0.33510-01

T in £ /f
c g
(°K)

4.344
4.503
4.334
4.482
4.024
4,442
4.720
4.409
4.39¢
4.343
4,733
4.326
4.3576
4.3%4
4,501
4.404
4.538
4.403
4.537
4,347
4.4654
4,473
4.650
4.527
4.384
4.392

16



[ Table 11; continued ]

No.

Y
i
27
3¢
3
32
33
34

36
37
3
3y
L1
L}
42
3
44
L1
4%
42
40
49
30
31
32

T

(°K)

137.14
137.46
132.78
139.84
138.14
138.32
130.44
138.%
139.06
13%.14
139.19
139.45
139.73
146.13
146,13
140.43
146.7¢
140.84
141,13
144,27
4.4
142.03
142.17
142.17
142.53
142.464

10°/7

kY

7.2918
7.243
2.2579
7.2432
7.2380
7.22%%
7.2233
7.1943
7.1
7.1060
7.1049
2.1408
7.1556
7.1362
7.1352
7.1218
7.1028
7.1003
7.0847
7.0784
7.071%
7.03%
7.0338
7.0338
7.0161
7.0107

[ continued |

In £ /£
c B

¢.32433-01
0.33450-01
0.31900-01
0.32800-01
0.32110-01
0.31630-01
0.31260-01
0.31430-01
0.32300-01
0.30940-01
0.32750~01
0.31030-01
0.32000-61
¢.31110-01
0.30440-01
0. 3121004
0.31530-01
0.30820-01
0.30540-01
0.31420-01
0.30740-01
0.31179-01
0.3049-01
0.29910-01
0.30340-01
0.30299-01

Tin f /£
c g
(°K)

4.448
4.40%
4.3%
4.319
4.437
4.373
4.328
4.370
4.492
4.308
4.3%9
4.333
4.472
4.3%¢
4.269
4,433
4.442
4.340
4.313
4.439
4.347
4.428
4.363
4.232
4.324
.32

[4:]



[ Table 11; continued )

No.

3
"
33
36
3?7
1
3
(1)
41
$2
63
1)
63
bé
67
1
114
7%
"
72
23
74
7
76
7?7
n

T

(*x)

143.02
143.14
143,24
143.44
143.724
144. 14
144,464
144.93
144,99
143,14
t143.14
143.7¢6
t44.13
146. 14
146.14
144.33
146.64
14,469
147135
147.17
147.43
147.35
147.40
147.463
148.13
140.43

$.7920
6.9862
4.9813
6.%618
$.9570
6.9377
$.9137
4.008%
$.8973
é.8899
4.8899
4.8806
6.9432
6.0420
6.8420
6.8234
$.0194
.00
$.7958
6.7949
6.7029
6,2774
6.72751
6.7728
6,749
$.7372

[ continued ]

1n £ /£
c B

0.31100-01
0.3014p-01
0.30620-01
0.3924)-0t
0.3¢1460-01
0.29880-01
0.30520-01
0.30009-01
¢.29830-01
0.2978)-01
0.29329-01
0.29900-01
0.27430-01
0.29900-01
0.29130-01
0.29400-01
0.29400-01
0.2939)-0
0.2879-01
0.28773-00
0.2923)-01
0.29010-01
0.28899-01
0.29245-01
0.28509-01
0.2879)-01

T1ln f /f
c g
(°K)

4.447
4.314
4.384
4.346
4.336
4.306
4.413
4.340
4.323
4.322
4.285
4.344
4,342
4.369
4.260
4.300
4.322
4,311
4.23
4.234
4.309
4.280
4.263
4.317
4.222
4.2460

£6



[ Table 11; continued )

No.

"0
8t
[ ¥
83
L]
L H)
)
"
"
"
"
”?
7
"
3
9
97
"
"
100
10
102
103
104

T

(°K)

140.34
140.74
149.13
149.16
147,16
147.44
.M
149.%
150.13
150.44
130.464
150.43
151.13
1591.13
151.14
151.44
191,94
132.14
152.19
$92.35
152,47
152.44
152.66
133.12
193,14
133.14

103/T

G )

6.7313
6.7222
6.2047
6.2042
6.72042
b.491%
6.6693
6.6684
$.6400
6.4472
6.4383
6.637%
b.4168
b.6148
6.6133
6.4033
6.3813
6.5720
6.3712
6.34638
6.3387
4.330%
$.330%
6.5300
6.3300
6.52%1

[ continued ]

In f /£
cC E

9.20850-01
0.28620-01
0.20230-01
0.20700-01
0.29730-01
0.28420-01
0.28390-01
6.28240-01
¢.27980-01
0.28170-01
0.28280-01
0.28210-01
0.28000-01
0.27880-01
0.27679-01
9.27880-01
0.27629-01
0.27430-01
¢.27699-01
0.27500-01
9.27330-01
0.27560-01
0.27320-01
0.27159-01
0.27235-01

TIn f /f
< B
(°K)

4.286
4.258
4.210
4.282
4.28)
4,248
4.2%6
4.238
4.201
4.237
4.259
4.23¢
4.201
4.214
4.184
4.222
4.1%
4.974
4.214
4.189
4.201
4.200
4.183
4.184
4.158
4.174

76



[ Table 11; continued ]

No.

103
104
19
198
109
110
m
12
13
e
"3
2] ]
1?2
e
e
12¢
"2
122
123
124
123
124
122
120
129
130

T

(°K)

133.53
133.47
19417
134.34
134.463
134.77
133.13
19513
133.43
133.94
153,79
134.14
154.14
137.12
157.14
137.14
137.14
137.24
157.43
157.42
158.13
138.17
158.34
134.47
150.95
159.13

103/7

cxh

$.3125
4.,5075
§.4863
6.4784
6.4462
6.4612
b.4454
b. 4454
6. 0247
6.4127
$.4123
$.4037
$.4037
$.3430
6.3429
6.3429
6.3597
$.3520
6.3444
6.320
$.3223
6.3133
$.3024
$.2911
6.2004

[ continued ]

In £ /f
c g

0.27140-01
0.27289-01
6.27000-01
0.24930-01
0.27040-01
0.24799-01
$.26740-01
0.26210-01
0.24000-01
0.26430-01
0.24493-01
0.26440-0
0.24410-04
0.26330-01
0.26130-01
0.26229-01
0.24130-01
0.24320-01
0.26160-01
0.2422)-01
0.23850-01
0.23940-01
0.237270-01
0.24030-01
0.23070-01
0.25370-01

T ln £ /f
c g
(°K)

4168
4.192
4.162
4.160
a.101
.14
A.149
4144
4.172
4124
4163
..132
4124
4140
4.104
a.421
4,106
2.139
.y
4.133
4,089
4.103
4,08
4,130
4.112
4.070

S6



[ Table 11; continued ]

No.

3
132
133
134
133
134
137
138
139
14¢
L]
142
143
144
145
146
147
148
149
130
131
132
133
154
153
136

T

(°K)

139.23
157.31
157,34
160.16
166.1%
160.26
160.74
160.74
161.3%
161.48
161.7¢
161.94
142.07
162.13
162.44
142,94
143.12
163.17
143.26
143. 66
143,93
184,13
164.36
164.75
144.73
143.14

$.2002
6.2771
$.2400
6.2438
6.2424
6.239¢
6.2212
$.2212
b.1%00
é. 1831
6.1043
6.17%1
6.1702
b.1479
6.148)
$.1372
6.1303
6.1284
$.1232
$.1102
6.0994
6.0920
4.0842
4.04%0
$.06%0
6.0333

[ continued ]}

In f /f
c g

0.23440-01
0.23478-01
9.23479-01
0.23340-01
0.25320-01
0.25340-01
0.23149-01
9.23299-01
0.25020-01
0.23108-01
0.24693-01
0.24830-01
0.24930-01
0.24040-01
0,24350-01
0.24540-01
0.24690-01
0.24530-01
0.24629-01
0.24300-0¢
0.24399-01
0.24240-00
0.24300-01
0.24130-01
0.24230-0%
0.24199-01

T 1n £ /f
c B

(°K)

4.004
..o”
4.044
4,093
4.088
4.043
4.444
4.063
4,042
4.038
4.025
4.421
4.040
4.028
1.973
4.000
4.027
4.002
4.019
3.977
4.000
3.979
3,994
3.974
3.999
3.999

96



[ Table 11; continued |}

No.

137
159
159
149
141
162
143
164
145
166
147
148
149
176
"
1722
173
174
173
174
177
179
17¢
190
m
2

T

(°)

145.14
145.34
145.57
165.06
166,12
16615
146.27
166.56
166.45
166,75
166.79
142,14
147.50
147.76
167.96
167.97
16813
168.73
169.09
149.14
149.19
149.45
149.94
120.34
170.44
171.04

6.0347
6.047%4
6.0397
$.0292
$.0197
$.0107
6.0143
$.003%
6.0004
3.99%4
v.9438
3.9701
9.9409
3.9373
3.9534
3.9471
5.924¢
.N80
3.9123
3.1105
3.7014
3.00%?
3.0499
3.8472
3.8444

[ continued }

In £ /f
¢ B

0.23990-01
0.23%49-01
0.24000-01
¢.23850-01
¢.23930-6t
0.23790-01
$.23050-01
0.23640-01
0.23750-01
0.23420-01
0.23488-01
0.23300-01
0.23430-01
0.23340-01
¢.23440-01
0.23420-01
0.23273-01
0.23100-01
0.23120-01
¢.23010-01
0,23070-01
0.23039-01
0.22799-01
0.22730-01
0.22713-01
6.22643-01

Tin f /f
c g
(°K)

3.941
3.99¢
3.973
3.934
3.970
3.932
3.943
3.9%7
3 .,57
3.93¢
3.93¢0
3.927
3.924
3.714
3.939
3.933
3.713
3.498
3.90¢
3.692
3.903
3.903
3.973
3.87%
3.970
3.072

L6



[ Table 11; continued ]

No.

183
184
193
184
19
1
189
170
"
192
173
194
193
1%
192
7%
1344
il
201
202
203
204
203
204
207
208

T

(°K)

171.14
121,16
121.35
171.63
172.18
172.%37
122.24
172.74
172.83
173.56
173.9
174.04
174.14
124.43
174.44
174.74
173.13
173.64
1723.46
173.95
126.14
126.17
176.34
177.14
177.53
177.53

3.0432
3.8425
3.8292
3.0250
3.807¢
3.001%
3.7804
.7884
3.7804
8. 7617
3.740
3.7430
3.7419
3.7323
S.724%
3.7228
3.709
3.46933
S.4728
3.4834
5.67273
3.4743
S.4702
S.4444
3.6329
9.4322

[ continued ]

in fc/f8

0,22510-01

0.22550-01
0.22443-01
¢.22428-01
0.2233)-01
0.22200-01
0.22213-01
0.22159-01
0.22130-01
¢.21920-01
@.21870-01
0.21890-01
0.21840-01
0.21793-01
0.21715-01
0.215640-01
0.21580-01
0.2t1489-01
¢.21492-01
0.21340-00
. 21300-01
0.21409-01
0.21300-01
0.21089-01
0.21040-01
0.21000-01

Tin f /f
c B
(°K)

3.8%2
3.840
3.830
3.848
3.843
3.824
3.034
3.027
3.825
3.804
3.004
3.0
3.904
3.901
3,792
3.781
3.780
3.773
3.774
3.73¢
3.766
3.770
3.737
3.733
3.738
3.736

86



[ Table 11; continued ]

No

209
219
21
M2
213
214

213
214
217
ns
217
220
aNn
222
223
224
223
2246
227
228
229
23
231
232
2313
234

T

(°K)

177.4
178.13
178.23
178.44
170.74
179.54
179.36
179.461
129.7%
179.93
180.14
180.94
181.03
101.13
101.14
191.23
101.44
101.47
1902.30
182.3%
182.3%
182.93
193.56
183.463
103.44
104.13

103/1

G

3.6230
3.413¢
3.4197
3.4041
3.3
3.3470
3.,3492
S5.3474
3.3433
3.3571
3.3312
$.3247
5.3233
3.320¢
3.3200
3.31722
3.3054
3.5043
3. 4053
3.4040
J. 4840
3.4440
3.4478
3.4437
3.4454
3.4307

[ continued )

in fc/fg

0.24900-01
0.20930-01
0.20910-01
$.20820-01
0.20740-01
9.20400-01
0-2060'-01
0.20579-01
0.20300-01
0.20300-01
0.20493-01
0.26293-01
0.2021)-01
0.20263-01
0.20233-04
0.2022)-01
©.20200-01
9.20110-01
0.19995-01
0.17730-01
0.19946)-01
0.19840~01
0.1%719-01
0.17440-01
0.19773-01
0.19598-01

T 1la f /f
c g
(°K)

3.7
3.729
3.727
3.714
3.712
3.499
3.477
3.4%4
3.684
3.489
3.4
.aNn
3.640
1.470
3.443
3.443
3.449
3,454
3.443
3.634
3.440
3.430
3.417
3.81t
J.438
3.807

66



[ Table 11; continued }

No.

235
234
ryg
230
239
248
Ut
242
243
24
243
244
287
24
247
250
a3t
32
233
254
239
254
237
238
239
260

T

(°K)

164.38
184.64
184.73
184.97
185.2
103.42

A05.94

104.604
186.24
184.33
187.13
187.14
107.14
107.34
107.43
100.13
100.33
100.42
100.04
109.22
109.43
10%.66
109.93
199.13
190.34
191.15

J.a77
J.A157
.4127
3.4043
3.3993
3.3074
3.3291
3.374
3.3488
S.34642
3.343¢
3.3434
3.3434
5.3322
3.3294
3.315%
3.3093
3.3017
3.294¢
3.2849
3.272%
3.2724
3.2431
3.2599
5.2492
3.2113

[ continued ]

In £ /f
¢ g

0.19390-01
0.19470-01
0.1%440-01
¢.19410-01
¢.17410-0t
0.17340-00
0.19228-01
0.19220-01
0.17120-01
0.19120-01
0.18%60-01
0.18%49-01
0.18%0-01
0.18839-01
¢.18700-01
0.18743-01
0.18690-01
G.18480-01
0.18570-01
0. 1855001
0.18400-01
0.184463-04
0.10330-01
0.10290-01
0.10220-01
0.18090-01

T1ln £ /f
¢’ g
(°K)

3.580
3.9
3.999
3.3%0
3.3%6
3.389
3.373
31.57¢
3.541
3.343
3.348
3.544
31.347
3.33
3.344
3.924
3.521
3.924
3.304
3.510
3.489
3.902
J.484
3.478
3.472
1.458

001



[ Table 11; continued ]

No.

261
202
243
264
263
266
247
248
249
276
n
272
27
2724
273
276
277
278
279
e
28
n
n3
204
0
204

T

(°x)

191,24
191.44
191.43
191.47
192.85
192.13
193.02
193.12
193.14
193.63
194.24
194.43
193.12
195.12
193.14
195.63
196.02
197.03
197.12
197.13
197.13
197.64
198.10
198.44
199.13
199.41

3.2290
3.2234
3.2184
s.2173
3.2043
3.1000
5. 1780
5.1776
3.1645
S.1483
3.1380
.20
.12
5.1243
S.1112
3.1013
5.0749
3.073
3.0723
3.0723
3.0372
5.0480
3.0342
3.0213
3. 0090

[ continued ]

In £ /f
c g

G.18140-01
0.10013-04
0.17990-01
4.1799-01
0.17960-01
¢.17000-0¢
0.12210-81
0.17490-01
0.127200-01
0.17%360-01
0.17560-01
0.12400-01
0.17360-04
0.17310-01
0.17300-01
0.1708d-01
0.172040-04
0.14700-01
0.14930-01
0.14913-01
0.14939-01
0.14739-01
0.14650-01
0.16438-01
0.14358-01
0.16310-01

T 1ln £ /f
c g
(°K)

3.4720
J.44%
3.447
J.449
3.449
J.434
3.417
3.4%7
3.417
3.399
3.
3.306
3.397
3.377
3.377
3.342
3.339
3.330
3.338
.34
3.332
3.304
3.298
3.303
3.297
3.234

T0T



[ Table 11; continued ]

No.

20
288
8
2%
n
292
293
2

T

(°K)

199.6é
20813
201.13
203.14
M.
203.14
207.13
212.14

1031

(°k-1)

3.008%
4,9941
4.9714
4.9227
4.922¢
4.8747
4.8271
4.2134

In £ /f
L 4

0.14343-01
0.14380-01
0.14190-01
§.15900-01
0.13279-01
0.13370-01
0.14090-01
0.13880-01

TIln f /f
c g

(°Kk)

3.243
3.279
31.25
3,231
3.204
3.153
3,003
2,943

01
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Vi. DISCUSSION

Referring to Figures 22 and 21 for the D/H and 12/13 VPIE in fluoro-
form, respectively, the following observations can be ma-<e:

1. The H/D effect is normal in that its magnitude and slope
(4(T 1n fc/fg)/A(l/T)) are positive, and

2. The 12/13 effect is inverse with a slope (A(T iIn fcffg)/a(EJT))
that 1is negative.
The 12/13 VPIE measured compares reasonably well with the distillation
results, on natural abundance lBC-fluoroform, of Borodinsky, et. al.12
(cf. Figure 23). Any discrepancy in results can be attributed to prob-
lems associated with the distillation technique. Also for qualitative
comparison, the H/D VPIE(~-=) and 12/13 VPIE(—) for methane.3 methyl
fluoride32 and fluoroform are shown in a simplified plot in Figure 24.
Unfortunately there is no available experimental VPIE data for difluoro-

methane and carbon tetrafluoride to complete the CH series. But

X Fa-x
considering these three species, the following points are of interest:
1. The D/H effect in methane is inverse whereas it is normal in
fluoroform and methyl fluoride,
2, The 12/13 effect in methane is normal as opposed to the inverse
effects observed in fluoroform and methyl fluoride, and
3. The 12/13 VPIE in fluoroform exhibits a negative slope
(A(T 1n fc/fg)lﬁ(lfT)) whereas methane and methyl fluoride have positive

slopes for both the D/H VPIE and the 12/13 VPIE.
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The observed VPIE in fluoroform will be discussed in light of the
experimentally observed blue-shifting C-H stretching frequency and

proposed intermolecular association in the liquid phase.

Via. Vibrational Analysis

As was discussed earlier (Section I), the VPIE data can be used to
provide insight on the condensed phase, and specifically the liquid
phase of fluoroform. From experimental spectroscopic data on the gas
and liquid phase, the VPIE for fluoroform can be calculated and compared
to the observed experimental VPIE results. The liquid force field can
be modified until an appropriate fit is made., This vibrational problem
consists of solving a 3IN-6 x 3N-6 vibrational secular equation for the
gas phase and a IN x 3N secular equation for the liquid phase. Within
the framework of the Simple Cell Model, Harmonic Oacillator and Born-
Oppenheimer approximations, this problem can be treated by standard
methods of normal cocordinate analysis. The Wilson F-G matrix procedure33
provides a mathematical tool for the vibrational analysis and computer
programs for performing such calculations on high speed machines have
been developed by Schachtschneider and Snyder.34 There are two programs,
the first calculates the E matrix for each isotopic molecule which is
given once the molecular geometry, orientation and masses are fixed, and
the second program uses these g matrices with the isotope independent

force constant matrix, g, to solve the secular equation

|FG - »fl =0, vi-(1)
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where £ is the identity matrix and A is the eigenvalue. The vibration

frequency is obtained directly from

A, 0= 4w2v 2

{ { VI-(2)

The second program, which solves the secular equation, was modified by
Bigeleisen and Ishida to calculate the reduced partition function ratio,
as defined in equation I-(12), as a function of temperature. The

pProgram was fprther modified, for this particular application, to allow
for series of changes in the liquid { matrix so that differential effects
to the vibrational frequencies and VPIE could be calculated directly and

appropriately tabulated. The program (P9042DQ) is listed in Appendix C.

VIb. Internal Coordinate Definition of Fluoroform

The internal coordinates and cartesian coordinates are listed in
Tables 12 and 13, respectively and shown in Figure 25. The mass scale
used 1is that based on carbon-12 (}2C = 12.000000 amu, 13C = 13.003334

amu, H = 1.007825 amu, D = 2.0144000 amu,  7F = 18.998400 amu).
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Table 12

Definition of Internal Coordinates<a) for Fluoroform

Coordinate number

Definition

10

C~H stretch
C=-F stretch
C-F stretch

C-F sqretch

H=-C-F bend(b)

H-C-F bend(b)

H-C~-F bend(b)

F-C-F bend(b)

¥-C-F bend(b)

F-C-F bend(b)

(a)

(b)

Refer to Figure 25 for the schematic diagram of internal

coordinates.

Weighted by the C-F bond length, 1.322 R.



Table 13

Cartesian Coordinate Definition for Fluoroform

Atom X Coordinate Y Coordinate Z Coordinate
C 0.000000 0.000000 0.000000
H 0. 000000 0.000000 1.098000
Fz 1.083050 0.625299 -0.458505
F3 -1.083050 0.625299 -0.458505
F 0.000000 -1.250599 -0.458505

01T
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Figure 25. Internal Coordinate Definition for Fluoroform
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VIc. Gas Phase { Matrix of Fluoroform

The gas phase F matrix used for this study is that of Borodinsky,
Wick, Mayfield and Ishida.lz The description of this force constant
matrix is given in Table l4. The gas phase frequencies produced with
this [ matrix are compared to that found in the literature in Table 15.
As can be seen, this E matrix agrees well with the experimentally

observed frequencies and was used for this study to describe the gas

phase force field of fluoroform.



Table 14

[ Matrix of Gaseous Fluoroforma

Diagonals Off-djagonals
Value Value
Description Notation (mdyne/ﬂ) Notation (mdyne/x)
C-H stretch fD 5.0000 fDd 1.1720
C-F stretch fd 6.0179 fdd 0.7499
HCF bend f 0.4913 f -0.1674
a Dex
FCF bend fB 0.7646 fDB 0.1674
fd 0.1943
a
fdu' -0.2657
de 0.2560
de, -0.1808
f 0.0393
aa
-Ol
fBB 0973
[§ -0.1517
af
fuB' ~-0.2667

%The internal coordinate system consists of one CH bond stretch D, three CF bond stretches d,

three HCF angle bends o, and three FCF angle bends B.
by the equilibrium C-F bond length of 1,332 X.
diagonal element, and one with two subscripts is an off-diagonal element.

All bending coordinates are welghted
An F-matrix element with one subscript is a
When two off-

diagonal elements are listed for a similar interaction, e.g., fj, and fj3,+, the one without
a prime refers to the interaction between two coordinates which share a common C-F bond,
while the line with a prime refers to the interaction between two coordinates which do not
share a common C-F bond. The molecular geometry useddd: DO(C—H) = 1.098 R, dO(C-F) =
1.332 &, 0y (H-C-F) = 110° 08", and B,(F-C-F) = 108° 48°.

£ETT



Table 15

Frequencies of Gaseous Fluoroform

Experimental (cn-l) Calculated
Molecule Mode Lon336 Galasso>’ D' Cunha >t wiie? (cm-l)
lzcur3 v (a) 3035 3031 3031 3035 3036.224
v,(A)) 1137 1140 1140 1141 1138.888
vy(a) 700 700 700 693 701.408
v, (E) 1376 1372 1372 1377 1380.999
v (E) 1152 1152 1152 1158 1151.835
vg (E) 508 507 507 508 507.690
2cor, v (A) 2257 2273 2257 2261 2256.455
v,y (A)) 1110 1109 1109 1111 1109.181
vy(A) 693 693 693 694 690,428
v, (E) 1210 1207 1207 1211 1205.379
vg (E) 977 974 974 975 973.713
ve (B) 502 504 504 502 500.657
13cm=-3 v (A) 3025 3026.179
v, (4)) 1116 1108.880
v3(A) 695 699.294
v, (E) 1368 1371.870
vg (E) 1132 1125,381
vg (E) 507 506.739

%11
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Vid. Liquid Phase E Matrix of Fluoroform

In the liquid phase there are six additional motions to consider,
that is three translational and three rotational modes as well as the
possible interaction of these external modes with the internal motioms.
The Schachtschneider-Snyder g matrix program takes these external motions
into account appropriately. The process of fitting the liquid force
constant matrix is complicated by the general lack of liquid spectro-
scopic data, esgspecially for low boiling compounds such as fluoroform.
The experimentally observed vibrational frequenciea, reported in the
literature, are listed in Table 16. Note that only internal modes were
measured and no data on the external motions in either the liquid or
solid are available. Using these observed internal frequencies the
internal part of the liquid E matrix was adjusted until the calculated
and experimental results matched. The gas phase E matrix with trans-
lational force constants ('1'x - TY = Tz = 0.01 mdynes/g) and rotational

force constants (Rx = RY = Rz = (0,01 mdynea—ﬂ) added was the starting

point for the fitting process. This procedure consisted of first
observing the individual effect of small changes to the force constants

to the vibrational modes. From this information one employs an

iterative process until the calculated and observed results converge
such that the modifications employed are within the accepted "common

sense" limits. This was accomplished by adjusting only fD’ fd’ fa, £
and fdd’ corresponding to the C-H stretching, C-F stretching, HCF

bending, CH=CF interaction and CF-CF interaction force constants,

Dd

respectively. All other force constants are as per the gas. These



Table 16

12
Observed Frequencies of € Liquid Fluoroform

Glockler39 (cm-l)

Rankao (cm_l)

Mode

vl(A) 3062 3062
vz(A) 1117 1117
U3(A) 697 697
uq(E) 1376 1376
vs(E) s 1160
v6(E) 508 508

9TT
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force constants and the corresponding ones in the gas phase E matrix as

well as the calculated and observed frequencies are given in Table 17.

The increase in fD and decrease in fd are consistent with the observed

blue and red shift of the CH and CF stretching frequencies upon conden-
sation, respectively. The decrease in the other force constants are also
reasonable in that one normally expects a general "locsening-up" of internal
forces upon condensation. Thus the internal part depicts fairly well the
internal motions in liquid fluoroform. Up to this point the fitting process
has relied only on the observed internal frequencies as the criterion of the
"goodness" of the fit. Examination of the calculated VPIE using the above
internal force constants and diagonal translation (mdynea/ﬂ) and rotational
(mdynes-x) force constants of 0.01 shows that it fails to represent the
liquid force field, as a whole, adequately. A comparison of the calculated
and observed VPIE is given in Table 18. As can be seen the calculated

12/13 VPIE has the wrong sign for both magnitude and slope, and the magni-
tude of the effect and slope for both the 12/13 VPIE and H/D VPIE are too
small. This discrepancy is attributable to the inadequacy of the external
field description. It ias now necessary to look at the external motions as
well as the internal-external interactions. Increasing the external force
constants increased the magnitude of the H/D VPIE significantly and its
slope to some extent, but it also made the 12/13 VPIE more positive, which
is in the wrong direction. It was found necessary to use internal-external
interaction force constants. The interaction force constants DTz, de,

aTz and BTz, which describe the interaction of the indicated internal mode
with translation along the Z axis, were found to have the only significant
effect. This result is corroborated by the analysis of Borodinsky et.

al.12 Their results indicate the need of large internal-external force



Table 17

Comparison of Internal Force Constants for the Gas and Liquid F Matrices of Fluoroform

Force Constants (ndynes/i) Liquid Frequencies (cnhl)
Gas Liquida Calculated Observed
fD 5.0000 5.0726 3062.03 3062
fd 6.0179 5.9097 1375.65 1376
'
'-d
e
£ 0.4913 0.4872 1159.70 1160 ot
§
fDd 1.1720 1.0400 1117.46 1117
fdd 0.7499 0.5650 696.84 697
all others: as per gas c.f. Table 14 507.86 508
a

Ty = Ty = T, = 0.01 mdynes/R and R, = R, = R, = 0.01 ndynes-&



Table 18

Comparison of Calculated and Cbserved 12/13 VPIE and H/D VPIE® for Fluoroform

12/13 VPIE® (°K) /D VPIE® (°K)

T(°K) Calculated Observed Calculated Observed
140 0.3634 -0.79 1.7200 4.41
165 0.3522 -0.67 1.6884 4,04
190 0.3439 -0.59 1.6678 3.52

611

F (1iquid) defined in Table 17

br 1n £ /E
g
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constants along the translational Z axis to force the 12/13 VPIE into the
inverse region with negative slope. This 1s indicated even though their
internal force constant description of the liquid is considerably differ-
ent. Utilization of their liquid E matrix produces a 12/13 VPIE which
reproduces the observed liquid frequencies and generally reproduces the
observed 12/13 VPIE but fails to reproduce the observed H/D effect., The
calculated H/D VPIE using their F (1iquid) produces a H/D effect of the
wrong sign in both magnitude and slope. This is understandable in light
of the limited amount of experimental data that was used for fitting the

12

E matrix., Only the 12/13 VPIE and CHF. liquid internal frequencies were

3
available to them. The "best" single liquid [ matrix determined in the
present study, which best reproduces the observed liquid frequencies and
12/13 VPIE and H/D VPIE, is given in Table 19. Due to the lack of external
frequency data the external force constants were set so ag to produce
external frequencies of reascnable magnitude (50-100 cm-l). The 12/13 VPIE
and H/D VPIE generated by using this liquid F matrix, which will be defined

as ‘Ell,

is shown in Figures 26 and 27, respectively. The solid line is
the calculated result. As can be seen, it fails to reproduce the observed
slopes for both effects. Eight different liquid F matrices were tested

to see if the slopes for the 12/13 and H/D effects could be increased.
These trial liquid F matrices (Ezl +'E£8) are described in Tables 20

and 21. Also tabulated in Table 21 are the calculated 12/13 VPIE and

H/D VPIE. For comparison the experimental effects are also listed. The

1 8

calculated internal and external frequencies for 2& *‘El and the

experimentally observed internal frequencies are listed in Table 22.



Table 19
F Matrix of Liquid Fluoroform® (F!l)

Off-diagonals
b R b
Diagonals (Idyne/g) (adyne/A)
C-H stretch fD 5.0726 fdd 0.5650
C-F stretch fd 5.9097 fDd 1.0400
HCF bend f 0.4872 f =0,1674
a Da
FCF bend fB 0.7650 fDB 0.1674
fd 0.1943
a
fda' -0.2657
EdB 0.0256
de, -0.1808
£ 0.0393
aa
f .
88 -0.0973
f -0.1517
af
fo 0.20 fuB' 0.2667
ny 0.20
sz 0.40 fDTz -0.73
fo 0.20 dez 4.13
fRy 0.20 faTz 0.13
fRz 0.05 fBTz -0.13

8For definitions of the internal coordinates and F-matrix element notatlons see the footnote of Table IV.

bAll F-matrix elements are ian the units of mdyne/g except fR' which are in the units of mdyne 2.

121
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Three Basis Sets of F Matrix Elements for Liquid Fluoroform

Table 20

£ A B C
D 5.0726 5.0000 4.8147
d 5.9097 6.0179 6.2063
dd 0.5650 0.7499 0.859
Dd 1.0400 1.1720 0.4744
D8 0.1674 0.1674 0.3104
Da -0.1674 -0.1674 -0.3104
48 0.0256 0.2560 0.2560
g’ ~0.1808 —0.1808 -0.1808
do 0.1943 0.1943 0.1943
da' -0.2657 -0.2657 -0.2657
8 0.7650 0.7646 0.7654
BB ~0.0973 -0.0973 -0.0973
a 0.4872 0.4913 0.4895
aa 0.0393 0.0393 0.0413
af -0.1517 0.1517 -0.1252
aB' -0.2667 —0.2667 -0.2402
Ty 0.20 0.01 0.30
Ty 0.20 0.01 0.30
T2 0.40 0.01 0.30
Rx 0.20 0.01 0.10
Ry 0.20 0.01 0.10
Ry 0.05 0.01 0.10
DT, -0.73 0 -0.84
dT, 0.13 0 0.84
aTz 0.13 0 0.30
8T, ~0.13 0 ~0.30

A is F;1; the best single f matrix for the liquid

B 13,512; internal part is as per the gas

C 13‘516; as per reference 12

721



Table 21

Trial E (Liquid) for Fluoroform

internal/ T In fc/f
00 - -]
internal external? external 12/13 H/D VPIE @ 140°K - VPIE € 190°K

°K 12/13 H/D

1 A A A -0.689 4,058 140
-0.676 31.975 165 -0.04 +0.,15

-0.658 3.912 190

2 B T=_01 0 0.0177 0,0225 140

R=.01 0.0166 0.0191 165 +0.002 +3.006

0.0157 0.,0166 190

3 C T=_01 0 1.903 =22 .844 140
R=.01 1.908 -22.827 165 -0.02 -0.06

1.917 -22,788 190

4 C o C =0.403 -20,952 140
=0.350 -20.944 165 -0.12 -0.05

-0.282 -20.903 190

5 A C C -2.093 3.873 140
-2.052 3.820 165 -0.10 +0.09

~-1.996 3.787 190

6 A (except C c -0.830 -11.281 140
C-H -0.788 -11.336 165 -0.10 +0.09

C-F as per ref. 12) -0.734 -11.370 190

EXPERIMENTAL DATA: ~-0.79 4,44 140
-0.67 3.97 165 -0.20 +0.95

-0.59 3.49 190

fcontinued]

1 TA



[ Table 21; continued ]

internal/ T 1n fc/fg
ay _ °
# internal externala external 12/13 H/D VPIE € 140°K - VPIE @ 190°K
°K 12/13 H/D
7 A T,=1.00 A -0.357 5.248 140
Tx,y=0.50 -0.394 4.967 165 +0.05 +0.49
Ry =1.00
Rg2D.25 -0.412 4,755 190
8 A T=,50 DT =8T,=-1.0 -3.426 5.166 140
R=.50 dTz=aT,=1.0 =-3.457 4.984 165 +0.01 +0.30
-3.437 4,870 190
EXPERIMENTAL DATA: =-0.79 4.44 140
-0.67 3.97 165 -0.20 +0.95
-0.59 3.49 190

2 T in units of mdynes/R and R in units of mdynes-}

9Z1



Table 22

IZCHF3 Frequencies Produced from Trial F (1iquid)
F (liq)

fl #2 13 #4 #5 #6 j 2 #8 EXP.
v 3063 3036 3061 3062 3063 2986 3063 3064 3062
v, 1376 1381 1376 1376 1376 1380 1376 1376 1376
Vg 1160 1152 1160 1160 1160 1188 1160 1160 1160
vy 1118 1139 1109 1117 1127 1140 1118 1170 1117
v, 697 702 677 697 697 702 697 704 697
A 508 508 508 508 508 509 508 508 508
Xl 83 19 19 126 142 141 187 361 -
X, 83 19 19 85 85 85 187 132 -
X, 70 16 16 85 85 85 138 132 -
X, 70 16 16 59 59 59 110 110 -
X5 67 16 16 59 59 59 110 110 -
X 31 14 14 44 44 44 69 98 -

Note: v_ are the internal frequencies in cm-1

i

i

X, are the external frequencies listed in descending order (cmﬂl)

XA
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Examination of these results shows that no single liquid F matrix can
reproduce all the experimental data with a large enough slope. ££7 and
528 generate an H/D VPIE with slopes that are within a factor of 2 and

3, respectively, of the observed effect. But the 12/13 VPIE is wrong
and very large external frequencies are produced. 524, ng and ERG
produce a 12/13 effect with slopes within a factor of 2 of the observed
with "reasonable" external frequencies but generate H/D VPIE that are
wrong. All these trial g matrices fall to show the marked temperature
dependency that 1s observed experimentally. It is felt that these
trial g matrices incorporate significant changes as can be seen by the
swings in VPIE magnitudes, slope direction, internal and external
frequencies, The failure of any one liquid E matrix to produce the
marked temperature dependency of the observed 12/13 VPIE and H/D VPIE
necessitates the examination of temperature dependent force constants.
The nature of this temperature dependency 1is believed to be due to
intermolecular association, specifically a dimer, which based on
quantum mechanical calculations (Appendix A) has been termed as weak
hydrogen bonding, and as such is strongly orientation dependent. That
is, the hydrogen bond i{s linear in nature and deviation from linearity
would effect the interaction energy significantly. An increase in the
available thermal energy would allow for more freedom in the external
modes which would affect the VPIE, With this idea in mind the Tz and
DTz force constants were adjusted to simulate a change {n temperature
and the 12/13 VfIE and H/D VPIE were subsequently calculated. The 2
direction was chosen because this would be the direction of interaction

of the proton with the external field. Changing TZ (0.40 mdynes/R)

by t 0.05 mdynes/x in an effort to simulate the effects of a temperature
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change of 165°K ¢ 25'; produced no significant change in the T 1ln fc/f8
ve 1/T plots for either the 12/13 or H/D effects. However, changing DTZ
(-0.73 mdynes/ﬂ) by £t .12 units produced an interesting result. It gene-
rated a result which reproduces the observed result for both effects.

The results for changing 'l‘z and DT, are given in Table 23 and 24, and the

Z
DT, results are plotted in Figures 28 and 29 for the 12/13 VPIE and H/D

Z
VPIE, respectively. The description for the final liquid F matrix for
fluoroform, Ei(T)’ is given in Table 25. This temperature dependency in
DTz also reproduces the observed internal frequencies and generates
"reasonable'" external frequencies. These results are given in Table 26,
and the calculated frequencies for all isctopic species using Ez(T) are
in Table 27.

The fact that changing Tz didn't produce a significant effect
whereas DTz did is reasonable if one considers that Tz is an indication
of the interaction of the molecule as a whole, without regard to a par-
ticular orientation, with the external field in the Z direction.

Whereas DTz is more orientation dependent in that it is the level of
interaction of specifically the C-H wotion with the external field along
the Z-axis, the axis of the proposed hydrogen bonding (c.f. Dimer Type
A, Appendix A). The observed temperature dependency is inherently

coupled to this particular Interaction.



Effect of Changing f_ on 12/13 VPIE and H/D VPIE®

z

Table 23

for Fluoroform

T(°K) T, (sdynes/R) 12/13 VPIE® (°K) H/D VPIE® (°K)
Calculated Observed Calculated Observed

140 0.45 -0.67 -0.79 4.07 4.44
165 0.40 -0.67 -0.67 3.97 3,97
190 0.135 -0.67 -0.59 3.91 3.49

7 1n £ /f

c''g
b

1
Note ,{ P used

0ET



Table 24

on 12/13 VPIEa and H/D VPIE® for Fluoroform

b Note Egl used

Effect of Changing f
ging DT,
® ﬂ Ea" a o
T(°K) DTz(ndynesl ) 12/13 vpPl (°K) H/D VPIE (°K)
Calculated Observed Calculated Observed
140 -0.85 -0.74 -0.79 4.47 4.44
]
"
165 -0.73 -0.67 -0.67 3.97 3.97 =
1
190 ~0.60 -0.61 -0.59 3.47 3.49
T 1n £ /f
< B



Table 25
Final F Hatrix,_zl(T), of Liquid Fluoroform

Off-diagonals

Diagonals (mdynelx)b (ndyne/R) b
C-H stretch fD 5.0726 fdd 0.5650
C-F stretch fd 5.9097 fDd 1.0400
HCF bend f 0.4872 f ~0.1674
o Da
FCF bend fB 0.7650 fDB 0.1674
fdu 0.1943
fdu' -0, 2657
de 0.0256
de, -0.1808
faa 0.0393
fBB -0.0973
fuB -0.1517
fo 0.20 faB' 0.2667
f 0.20
f 0.40 f —-0.73 + 5.0x10 “(T-165°K)
Tz DTz
fo 0.20 dez 0.13
f 0.20 f 0.13
Ry aTz
ER 0.05 fBT -0.13

N

aFor definitions of the intermal coordinates and F-matrix element notations see the footnote of Table 1V.

bAI} F-matrix elements are in the units of mdyne/g except ER' which are in the units of mdyne 2.

(AN



Table 26

Calculated Internal and External Frequencies Using Eﬁ(T)

Calculated Frequencies (cm_l) 1 (mdynes/R)

Experimental (cm_l)

frequencies -0.85 -0.73 -0.60
vy 3062 3062.68 3062.52 3062.38
v, 1376 1375.65 1375.65 1375.65
Vg 1160 1159.70 1159.70 1159.70
v, 1117 1118.45 1118.45 1118.45
vy 697 696.85 696.84 696 .85
e 580 507.86 507 .86 507.86
Tx - 83.4 83.4 83.4
Ty - 83.4 83.4 83.4
Tz - 59.0 66.8 73.1
Rx - 69.7 69.7 69.7
Ry - 69.7 €9.7 69.7
R - 30.9 30.9 30.9

EET
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Table 27

Calculated Internal and External Frequencies for Liquid Fluoroform Using EE(T) at T=165°K

12CHF3 (cm_l) 13CHF3 (cm-l) 12CDF3 (cm_l)
v, 3062.52 3052, 38 2274. M
) 1375.65 1366.12 1211.48
Vg 1159.70 1133.46 1086.61
vy 1118.45 1096.09 972.00
vy 696.84 695.03 687.46
Ve 507.86 506.90 500,70
Tx 83.4 83.3 81.7
Ty B83.4 83.3 81.7
T, 66.8 66.7 66.3
R 69.7 69.2 69.1
Ry 69.7 69.2 69.1
R 30.9 30.9 30.9

9¢1
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VIe. Correlation of the VPIE in Fluoroform with the
Blue Shifting C-H Stretching Frequency upon
Condensation and Intermolecular
Hydrogen Bonding

The normal VPIE with the positive slope for the H/D effect and the
inverse VPIE with the negative slope for the 12/13 effect can be simul-
taneously explained by a blue-shift of the C-H stretching frequency of
fluoroform upon condensation. The large external-internal interaction
force constants used to keproduce both the observed H/D VPIE and 12/13
VPIE are in agreement with specific, short-range intermolecular inter-
actions such as the hydrogen bonding between the molecules of fluoro-
form. Figure 22 shows for the H/D VPIE a normal isotope effect at all
temperatures investigated and a positive slope of the plot of Tln vs
1/T. On the other hand, Figure 21 shows for the 13C/12C gsubstitution
an lnverse VPIE at all temperatures and a negative slope in the plot.
How 13 this marked difference between two substitutions possible? 1In
both substitutions the molecular symmetry does not change (ij). The
molecular mass increases by the similar amount (by 1 amu) irn both cases,
so that the translational contributions to the overall T 1n(fcffs) is
similar for both cases. The change in the principal moments of inertia
in the D/H-substitution is somewhat greater for the D/H substitution
than for the 1301120 gubstitution, because the latter substitution is
made near the center of mass of the molecule. However, the magnitude
of the change even in the former is not large, because the fluoroform
has three heavy (F) atoms at the peripheral positions. Thus, the

rotational contributicon to T 1n(fc/fg) would not be so different

between the two isotcpic substitutionas.
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Internal vibrational contributions to T ln(fc/fg) may be expressed
as a sum of 3N-6 independent contributions. When the temperature is not
sufficiently high (hvi>>kT), the vibrational excited states are not
acceasible and they do not contribute appreciably to the partition
functions. These ground state contributions to T ln(fc/fg) are depicted
in Figure 29. It is noted that the internal vibrations usually red~
shift upon condensation and only in rare occasions dces a vibrational
frequency blue-shift upon condensation. When it does, an internal
vibration contributes positively to ln(fc/fs). As the Boltzmann
excitation sets in with an increasing temperature, the magnitude of
vibrational contribution starts to decrease toward zero.

With these trends shown in Figure 30 in mind, the marked difference
observed between the H/D VPIE and the 12/13 VPIE is explainable as follows.
The isotope shift of the C-H stretching frequency in fluoroform is very

lsc-for-12c

large in the D=for~H substitution, while it is small for the
substitution. If the C-H stretching frequency were red shifting upon con-
densation, its contribution to T ln(fc/fg) would have been that of the
R2-1line of Figure 30 for D/H and that of the Rl-line of Figure 30 for
13C/lzc. Since all the other vibrational frequencies red-shift upon con-
densation, the sum of the "External' line and all the red-shift lines
would have yielded a plot for the D/H-substitution which would 1lie

below (mcre inverse than) the corresponding plot for the 13C/lzc-sub-
stitution. Figures 21 and 22 show otherwise. The normal VPIE with a
positive slope for the D/H-effect is possible only if the contribution

of the C-H stretching motion looks like the Bl or B2 line of Figure 30.
Thus, for the D/H-substitution, the C-H stretching contribution is like

that of the B2-line, while for the 13C/lzc-effect. the contribution is



- 139 -

Vibrationa! {B))

Vibrational {R1)}

Vibrational {R2)

Contributions To Tin(t./fg)

Vibrational R1: Frequencies that red-shift upon condensation,
Lov frequancy and/or small isotope shift

Vibrational R2: Frequancies that red-shift upon condensation,
High frequancy snd/or large isotops shiftc

Vibrational Bl: Frequencies that blue~shift upon condensation,
Low fraquency and/or small isotope shift

Vibrational B2: Frequencies that blue-shift upon condensation,
High frequencies and/or large isotope shift

Figure 30, Schematic Plots of Various Contributions to T ln fc/f8
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that of the Bl-line. The sum of the "External' line and B2-line thus
yields a straight line with the positive slope in the positive VPIE-
region when the temperatures are not sufficiently high for the Boltzmann

excitation to set in for the C-H stretching mode. On the other hand,
gince the isotope shift upon 13C-£or—120 substitution is so small

(10 ca ! for 13¢/12 1

C, as compared to 780 cm = for D/H), the magnitude
of its contribution to T 1n(fc/fg) is very small (Bl-line), resulting
in the negative VPIE largely due to the effects of other red-shifting
frequencies. The VPIE data supports the blue-shifting of the C-H

stretching frequency upon condensation. But what i1s responsible for the

blue shift upon condensation?

The possibility of hydrogen-bonding has been explored by carrying
out an Ab-initio molecular orbital study using the Gaussian~70 program
with an STO-3G basis set of functions (c.f. Appendix A). Several dimer
configurations of fluoroform exhibited a small stabilization energy.

One such stable configuration (called DT-A in Appendix A) and the energy
plot of the DT-A configuration as a function of Hl-FZI distance are
reproduced in Figures 31 and 32, respectively. Based on the linearity
of the interaction and the observed charge redistribution upon bond
formation, the interaction is being termed "Hydrogen Bonding".

The DT-A dimer configuration shows a stabilization energy of -0.72
kcal/mole dimer (or -0.36 kcal/mole monomer) with the equilibrium H--+F
distance of 2.34 3, corresponding to the carbon-~to~carbon intermoclecular
separation of 4.83 £. These are in fair agreement with a publishedal
Lennard-Jones' 12-6 potential constants € = 0.391 kcal/mole and
c = 4.26 R, the latter being obtained from the second virial coefficient
of gaseous CHF3. These equilibrium intermolecular separations are also
in surprisingly good agreement with the molecular volume data: At -95°C

(178°K), the molar volume of liquid fluoroform42 is 25.33 ml/mole, the
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'ur.l '3! distance

DT-A - mtt!n.n.-nnn )
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Figure 31. Dimer Type A (DT-A) Configuration of Fluoroform
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corresponding diameter of a molecular sphere being 4.314 2.

A hydrogen bond with an energy of the order of 0.4 kcal/mole is a
very weak one compared to bona-fide hydrogen bonds having the bond
energies of the order of 5 A~ 20 kcal/mole, The fact that the liquid
molecular volume data gives the average intermelecular separation
(4.31 R) which is similar to the equilibrium distance (4.83 %) obtained
by the M.0. calculation indicates that on the average the intermolecular
forces of the magnitudes similar to that of our "hydrogen bond" are
acting between every pair of molecules in the liquid, This is so in
spite of the fact that any CHF3 molecule can contribute only one hydro-
gen to the hydrogen bonding. Such an extra interaction could be that of
London dispersion forces.

As far as can be determined, the literature on hydrogen bonding
contains not a single Instance of blue-shift of X-H stretching fre-
quency upon formation of a X-He+++Y bond: The X-H stretching frequency
always red-shifts upon a hydrogen bond formation. The explanation is
that the formation of a hydrogen bond necessarily modifies the elec-
tronic charge diastribution around the X-H bond, making it less stiff.
But then, the literature on hydrogen bonding concerns itself with bona
fide hydrogen bonds and sometimes even regard a bond energy of 5 kcal/
mole marginal in order to qualify to be a hydrogen bond. If a "hydro-
gen bond" is as weak (n~ 0.4 kcal/mole monomer) as in CHF3, could it be
that the shift in electronic distribution around the X-H bond upon
formation of the C-H-+++F bond is so small that other effects, such as
an effect of the new H-=+-+«F bond on the C-H stretching frequency, more

than just compensate for the weakening of the C-H bond?

Chlecroform, an accepted and well studied proton donor, undergoes
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no shift of its C-H stretching fl:et:p.uam:y!’3 when dissolved in such
electron donor solvents as ketones and nitriles. 1In CCl4 solutions of
strong proton acceptors such as pyridine-d5 and dimethyl sulfoxide-d6,
the spectral shifts were found44 to be in the order CHBr3 > CHI3 >
CHCl3, with fluoroform exhibiting inconclusive results.

In the simplest model of hydrogen bonding one would assume that the

carbon and fluorine atoms are infinitely heavy and can be simulated by

two solid walls. In this mcdel the potential energy and the kinetic

P -
Z—® =

energy are given by

2 2
2v fl (rl-rlo) + fz (rz-rzo)

2 2
fl (Arl) + f2 (AR-arl)

(£, +£,) (arl)z - 2f. ARAr, + fz(AR)z . VI-(3)

2 1

and 2T

m(aél)z + MRy, VI-(4)

where f1 and f2 are the harmonic force constants, T10 and ryo are the
equilibrium distances, Arl-rl-rlo, ARZ-RZ-RZO, and aR!R-Re, Re being
equal to r10+r20, and M is a certain reduced mass of the two-wall

system, The eigenvalues of this two-dimensional problem are:
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1 2
;\: -5y ([M(f1+f2)+_m£2] t ﬁM(F1+fz)+mf2] -4me1£2 ) VI-(5)

A+ of Eq. VI-(3) corresponds to the C-H stretching frequency, and it can

be approximated by

m EZ 2 n f2
[l+(l+ﬁ) i ;("'-;

7 VI-(6)

2
) f
1

-l I
o |+

<l |+

1+(1

where ko = flfm, the eigenvalue of a free C~H stretching motion. When

f2 tends to zero, Eq. VI-(6) reduces to

-1 VI-(7)

as it should. When M tends to infinity, Eq. VI-(6) reduces to

VI-(8)

which implies a blue-ghift of the C-H stretching frequency, unless the

value of f1 in the numerator becomes smaller than the f. value in the

1
denominator. Apparently for bona fide hydrogen bonds, fl in the
H-bonded configuration which we might call fi is so small compared to
the fl-value of a free C-H configuration that the relation,
£+ £, < f > VI-(9)
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is satisfied, thus leading to the red-shift, A further analysis of the

quantity l+/A° given by Eq. VI-(6) as a function of two ratios, m/M and

lefl. has proved that A+ is always greater than Ao as long as f2 is

positive. Therefore, the condition, fi < fl,

dition for the red-shift under all circumstances. The minimum value of

is the necessary con-

the decrease in £, that one should have for the red-shifting depends on

1

* « the ratios m/M and fZ/fl and if this minimum decrease in f, is not met,

1
the frequency will blue-shift.
Another model is a linear triatomic model with the center of mass

kept stationary. In this model the effect of an off-diagonal F-matrix

element is considered:

X X, X3
2V = f (x.-x -r )2 + f, (x -x.-r )2 + 2f (%, —x%.-r J{x.,-x.-r..)
12 71 10 273 72 20 12772 71 10 3 "2 20
VI-(10)
> 2 = 2 » 2
and 2T = mlxl + m2x2 + m3x3 vi-{11)

The standard transformation to the internal coordinate system yielded

2 2
2V = fl(Arl) + fz(Arz) + 2f12(6r1)(5r2) ' VIi-(12)
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* 2 1 ™ _
2T = u; _,5(ar)) +u3_12(5r2) +2 (at))(ar,) ,  VI-(13)
1 1 1
where - = + , VI-(14)
u1_23 ml m2+m3
1 1 1
and - = + . VI-(15)
u3_12 m3 m1+m2

One of the roots of thia secular problem A+ can be approximated by

A f. ~2fF m
S e ae21% n_ 2 aq-x , VI-(16)
A f m
o 1 1
where
f £ (m,4m,)
A - _1_ = _.!'.._.]'_..i- , and VIi-{(17)
° H12 s )
Zmz(m1+m3) (f fz 12)
173 1 2 12
Eq. VI-(16) reduces to Eq. VI-(8) when f12 = 0, o, << m, and m, << LEY In
the limic of heavy m, and LY
X f +£,.=2€F
£ . 12 12 VI-(19)
A f
o 1l

which clearly shows the role of off-diagonal force conatant between the

"{nternal" motion, which is the C-H stretching motion, and the "external"



- 148 -

motion represented by the distance between mz(H) atom and m3(F) atom.

positive f12 tends te give a red shifrc, while a negative f tends to

12
lead to a blue shift. Numerical restriction on the absolute magnitude

/2

1
of f12 in a stable configuration is given by le < (flfz) . Since

fl >> fz, |f12[ may be bigger than f2 and thus become more iImportant
than f2 in its role in the blue-shift/red-shift argument. The role of
f12 or rather fDTz has already been explored and the result is con-

sistent with and 1is supported by the above vibrational analysis of

hydrogen bonded models of liquid fluoroform.

A
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VIf. Concluding Remarks

To summarize, the following has been shown:

The need of a temperature dependent force field, specifically the
fDTz element, Iin order to reproduce the observed VPIE in fluoroform,
Observed temperature dependency is associated with intermolecular
association, specifically weak "hydrogen bonding,"

The liquid F matrix is consistent with the experimentally observed
vibrational frequencies,

The observed H/D VPIE and 12/13 VPIE are explainable in terms of the
experimentally observed blue shifting of the C-H stretching
vibration, and

Models of the weakly hydrogen-bonded system support the liquid E
matrix formulated and observed C-H blue shift upon condensation.

To gain further fnsight into this problem, the VPIE for CH,F, and

272
should be investigated as well as detailed liquid and solid phase

apectra obtained in order to solidify the analysis of the liquid state

in the CHXFA-X series.



10.

11.

12,

13.

14,
15.
l16.
17.
18,

19.

- 150 -

VII. REFERENCES

J. Bigeleisen, J. Chem. Phys. 2&, 1485 (1961).
G. Jansco and W. A. Van Hook, Chem. Rev. 74(b), 689 (1974).

J. Bigeleisen, C. B. Crazg, and M. Jeevanandam, J. Chem. Phys. 47,
4335 (1967).

J. Bigeleisen and S. V. Ribnikar, J. Chem. Phys. 35, 1297 (1961).

J. Bigeleisen, 5. V. Ribnikar, and W. A. Van Hook, J. Chem. Phys.
38, 489 (1963).

W. A. Van Hook, J. Chem. Phys. 44, 234 (1966).
W. A. Van Hook, J. Chem. Phys. 46, 1907 (1967).

D. M. Eshelman, F. J. Torre, and J. Bigeleisen, J. Chem. Phys. 60,
490 (1974).

Y. Yato, M. Lee, and J. Bigeleisen, J. Chem. Phys. 63, 1535 (1975).

Z. Bilkadi, M. Lee, and J. Bigeleisen, J. Chem. Phys. 62, 2087
(1975).

M. Lee, J. Chem. Phys. 62, 2094 (1975).

L. Borodinsky, H. Wieck, D. Mayfield, and T. Ishida, J. Chem. Phys.
68, 3279 (1978).

D. Long, R. Gravenor, and T. Jones, Trans. Faraday Soc. 60, 1509
(1964).

G. Glocker and W. Edgell, J. Chem. Phys. 9, 224 (1941).

D. Rank, E. Shull, and E. Pace, J. Chem. Phys. 18, 885 (1950).
A. Buckingham and R. Raab, J. Chem. Soc. 5511 (1961).

M. Evans, J. Che. Soc., Faraday Trans. 2, 71 (4), 843 (1975).
A. Gerschel, et. al., Molecular Physics 32, 679 (1976).

A. Goel and N. R. Rao, Trans. Faraday Soc. 67 (10), 2828 (1971).



20.

21,

22.
23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.
40.

41,

- 151 -

P. Koliman, et. al., J. Am. Chem. Soc. 97, 953 (1975).

V. Bertseo, N. Goluber, and D. Shchepkin, Opt. Spektrosk. 40, 951
(1976).

A. Eucken, Phys. Z. 10, 586 (1909).

W. Nernst, Ann. Phys. 36, 395 (1911).

G. Gibson, and M. Giauque, J. Am. Chem. Soc. 45, 93 (1923).
W. Giauque and C. Egan, J. Chem. Phys. 5, 45 (1937).

H. Johnston, J. Clarke, E. Rifkin, and E. Kerr, J. Am. Chem. Soc.
72, 3933 (1950).

J. Bigeleisen and E. Roth, J. Chem. Phys. 33, 68 (1961).

J. Bigeleisen, F. Brooks, T. Ishida, and §. Ribnikar, Rev. Sci.
Inst. 39, 353 (1968).

American Petroleum Institute, Mass Spectral Data Serial #468, 1950.

W. Giauque, G. Brodale, and R. Valentine, J. Chem. Phys. 66, 392
(1962).

0. Ruff, Ber. 69, 299 (1936).

T. 01 and J. Shulman, State University of New York at Stony Brook
{private communication)}.

E. Wilson, J. Decius, and P. Cross, Molecular Vibrations (New York:
McGraw~Hill Book Co.), 1955.

J. Schachtschneider and R. Snyder, Spectrochim. Acta 19, 117 (1963).

A. Rogers, J. Chao, R. Wilhoit, and B. Zwolinski, J. Phys. Chem.
Ref. Data 3, 117 (1974).

D. Long, R. Gravenor, and D. Jones, Trans. Faraday Soc. 60, 1509
(1964).

V. Galasso, D. DeAlti, and G. Costa, Spectrochim. Acta 21, 669
(1965).

R. D'Cunha, J. Mol. Spec. 43, 282 (1972).
G. Glocker and W. Edgell, J. Chem. Phys. 9, 224 (1941).
D. Rank, E. Shull and E. Pace, J. Chem. Phys. 18, 885 (1950).

R. Hajjar and G. MacWood, J. Chem. Phys. 49, 4567 (1968).



- 152 -

42. Handbook of Fundamentals, American Society of Heating, Refrig-
erating and Air Conditioning Engineers, Inc., (New York), 1974.

43. R. Green, Hydrogen Bonding by C-H Groups (New York: John Wiley &
Sons), 1974.

44. A. Allerhand and P. Schluyer, J. Am. Chem. Soc. 85, 1765 (1963).

45, P. Wilt, et. al., Journal of Molecular Spectroscopy 28, 76-110
(1975).



- 133 -

APPENDIX A

Ab-Initio Calculations on Model CHF3 Dimer Systems
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Calculation Description

Hydrogen bonding interactions could be expected to
occur in CHF3. This is reasonable judging from the polarity and sub-
stituents. In order to get some idea of the extent of this interaction
as well as the structure of the interacting system, quantum mechanical
calculations have been carried out on CHF3 monomer and four basic dimer

1,2,3,4 have applied ab-initio

configurations. Various investigators
molecular orbital studies to interacting systems, especially to hydrogen
bonding. This approach has met with a gecod deal of success both quali-
tatively and quantitatively.

Gausslan 70,5 a Fortran IV ab-initio SCF molecular orbital routine
was used in studying intermolecular interactions in CHF3. Gaussian 70
utilizes gaussian functions to describe the basis set. The basis
functions are chosen to be fixed linear combinationse of gaussian
functions, for example

3/4

Gs(u,r) = (2a/7) exp (-urz) A-(1)

and

Gp (a,r) = (128a5)/ﬂ3)1/Ax°exp(*ar2) . A=(2)
X

The use of these gaussian functions allows the explicit integration of
the Hamiltonilan operator.

Two types of basis sets are made available as part of the program,

6,7 8,9

the minimal STO-NG and extended N-31G sets, however, provision is
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made for input of any basis sets such that a maximum of 70 basis
functions is not exceeded. The STO-3G basis set was used in examining

the interactions between two CHF3 molecules. In Table Al are found the

basis set descriptions used for CHF, calculations. Presently only

3

calculations of CHF., dimers have been considered, howvever, polymers of

3

up to six CHF_, monomere can be performed using Gaussian 70.

3

Dimer Configurations

The number of viable geometric forms of two interacting molecules
is limited if a hydrogen bonding interaction 1s expected. The four
basic dimer configurations and the dimer internal coordinates con-
sldered for each are shown in Figures Al, A2, A3, and A4.

In order to achieve internal consistency of results, the geometry

of the CHF, monomer was first optimized starting with experimentally

3
determined parameters. Comparison of the experimental and calculated
results are tabulated in Table A2.

Also internal force constants have been calculated from the cartesian
force constants determined by the best fit of calculated energies to a har-
monic potential for the x, y, and z coordinates for each atom. From the
best fit coefficients the force constants can be calculated. A list of
the cartesian force constants, obtained by varying each coordinate (x,y,z)

by + 0.005 angstroms for each atom are found in Table A3. Note that

the average deviation listed for each force constant, in parts per



Table Al

CHI-‘3 Basis Set Descriptiom {STO-3G)
ATOMIC ORBITAL GAUSSTIAN FUNCTIONS

ATOM NO. TYPE SCALE FACTOR EXPONENT S COEF ¥ COEF

c 1 18 5.67000
7.16168D 01 1.54329D-01 0.0
1.30451Dp 01 5.35328p-01 0.0
3.53051D 00 4.44635D-01 0.0

2 -5 25P 1.72000

2.94125D 00 -9.99672D-02 1.55916D-01
6.83483D-01 3.99513D-01 6.07684D-01
2.22290p-01 7.00115Dp-01 3.91957D-01

H 6 18 1.24000
3.42525D 00 1.54329D-01 0.0
6.23913D-01 5.35328p-01 0.0
1.68855Dp-01 4.44635D-01 0.0

1‘-‘1 7 15 8.65000
1.66679D 02 1.54329D-01 0.0
3.03608D 01 5.35328p-01 0.0
8.21682D 00 4.44635D-01 0.0

8 - 11 25p 2.55000
6.46480D 00 -9.99672D-02 1.55916D-01
1.50228D 00 3.99513p-01 6.07684D-01
4.88589p-01 7.00115D-01 3.91957p-01

[ continued ]

9¢T



[Table Al; continued]

ATOMIC ORBITAL

GAUSSIAN FUNCTIONS

ATOM NO. TYPE SCALE FACTOR EXPONENT S COEF P COEF
F, 12 15 8.65000
1.66679D 02 1.54329D-01 0.0
3.03608D 01 5.35328D-01 0.0
8.21682D 00 b.44635D~01 0.0
3 - 16 1 2.55000
6.46480D 00 ~9.99672D-02 1.55916D-01
1.50228D 0C 3.99513D-01 6.07684D-01
4.88589D-01 7.00115D-01 3.91957D-01
F, 17 1S 8.65000
1.66679D 02 1.54329D-01 0.0
3.03608D 01 5.35328D-01 0.0
8.21682D 00 4 .44635D-01 0.0
8 - 21 2sP 2.55000
6.46480D 00 -9.99672D-02 1.55916D-01
1.50228D 00 3.99513D-01 6.07684D-01
4.88589D-01 7.00115D-01 3.91957D-01

LST
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'ur"l !'21 distance
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Figure Al. Dimer Type A Configuration
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Figure A2. Dimer Type A' Configuration
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DT-8 Tee ltl %, Pistance

Figure A3. Dimer Type B Configuration
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DT-8 %c ":1 ,cz distance

3 . T rotation of moiscule $l1
b 4 about 3 axis
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about ' axis

Figure A4. Dimer Type B' Configuration



Table A2

Comparison of Experimental and Calculated Results for CHF3

EXPERIMENTAL CALCULATED
Ten (angstroms) 1.098 1.11817
TCoF (angstromsg) 1.332 1.36981
1
FCF angle (deg) 108.8 108.801 ':.3
]
HCF angle (deg) 110.1 110.133
u (debyes) 1.65 1.110
*
fCH {mdynes/angstrom) 5.0000 7.0155
*
6.0179 8.7258

ch {mdynes/angstrom)

*
Deviation from harmonicity is less than 0.1 ppt.



Table A3

*

CHF3 Cartesian Force Constants

ATOM FORCE CONSTANT (mdynes/angstroms) a.d.(ppt)**
C xx 12.4609 3.3
vy 12.4487 3.8
z2 12.5185 3.5
H xx 4.8469 0.7
vy 1.2680 0.5
zz 3.2036 0.6
Fl xx 7.4273 2.4
Y 1.0727 1.6
2z 3.426]1 2.0
F2 XX 1.3185 5.3
vy 6.1437 4.0
zz 3.7603 1.8
F3 XX 1.3185 5.3
Yy 6.1437 4.0
2z 3.7603 1.8

*
Calculations for monomer in Type B geometry (see Fig. A3 molecule #1)
**peviation from harmonicity

£91
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thousand, is a level of harmonicity of the potential as determined from

the leaat squaree reduction.

Results
The extent of interaction experienced will be measured by the

amount of stabilization energy, AE, achieved.
AE = E,r (dimer) - ZET (monomer) , A=-(3)

where ET is defined as

E A-(4)

T - EElectronic + Enuclear

where EElectronic and ENuclear refer to the total electronic and nuclear
repulsion energy, respectively.

Following are summarizations of results obtained for each dimer
configuration:

1. Dimer Type A (DT-A): AE was found to be =-0.72 kcal/mole,
= 235 deg (cf.

corresponding to r_ . = 2.3 angstroms, a = 60 deg, 6x5

HF By
Figure AB). The stabilization energy was found to be relatively insen-
sitive to changes in a. The bending motions Bx and BY show a minimum in
the potential at +/- 45 deg for By and +45 deg for Bx' These results

indicate that there would be free rotation about the z axis and bending
motion unhindered to angles of +/~ 90 deg for temperatures as low as

150°K. Plots of the stabilization energy vs r, a, By’ Bx can be seen in

Figures A5, A6, A7, and AB, respectively.

2, Dimer Type A'(DT-A'): A slight stabilization of -0.15 kcal/mole
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was found for thi# configuration. Calculations for o = 0 and 60 degrees
show little change in the potential with variations of L until the
nature of the interaction becomes repulsive. The minimum in both cases
was found to occur at Toc ™ 5.0 angestroms. Plots of AE vs Tee for a = 0
deg and 60 deg is shown in Figure A9.

3. Dimer Type B (DT-B): An energy minimum of -0.68 kcal/mole was
found to occur at Tec = 4.1 angstroms (refer to Figure Al0).

4. Dimer Type B' (DT-B'): Two thermally distinct energy minima
were found for this configuration. A AE of -0.50 kcal/mole at

T = 4,2 angstroms and v,y' = 0,0 degrees, and a AE = -0,22 kcal/mole

cC

at Tec ™ 5.2 angstroms for y,y' = 60,0 degrees (cf. Figure A4). This

result is shown in Figure All,

Discussion

All four dimer configurations considered were found to exhibit some
stabilization energy as compared to that of the free dimer. Roughly there
is a difference of 0.6 kcal/mole in stabilization energy between dimer forms
A and A'. The energies of forms A', B', B,A fall in a thermal energy range
corresponding to 75°-375°K. This can be considered a form of temperature
dependent association. Focusing attention on the most stable forms,
a stabilization energy of approximately 0.7 kcal/mole is found for
types A and B. The magnitude of this stabilization is that found
for "etrong'" Van der Waals interactions or "weak" hydrogen bonds. The
easential difference between these two configurations is the linearity
of the Cr==He¢s+s+««F interaction. 1In type A a single linear inter-
action is found as opposed to two bent interactions in the B case.

Tabulation of the overlap population of interacting atoms, atom electron
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density for each atom and the electronic and nuclear contributions to
the total energy for the monomer and the A, B dimers can be found in
Tables A4, A5, and A6, respectively. To summarize, the interaction is
essentially sp in character., Deviations in linearity in the inter-
action would cause a decrease in the overlap between the interacting
atoms. This is shown to be the case (cf. Table A4). The net ratio of
H=-F overlap for A/B = 1.4, The net electrostatic interaction for Dimer
B is twice that for the A dimer. Usually the electrostatic contri-
bution is the more important at the distances for these interactions,
thus it would be expected that Dimer B would show more stabilization
than type A. However, locking at the contributions to the total energy
as well as the results in Figures Al0 and All, it can be seen that the
repulsive interaction of the fluorines are also a factor.

The charge re-distribution for dimers A and B 1s shown in Figure
Al2, This distribution is the change in partial charges experienced by
the atoms of each molecule as compared to the monomer. The re~distri-
bution found in type A is typically that found in hydrogen bonded
systems.lo At first glance the charge're-distribution for type B seems
to be different than that found in the A dimer. However, each molecule
is now both a donor and acceptor of electron demsity. A net charge
re-distribution on the non-interacting fluorines thus would be expected
to be less than that found in the A configuration. This is actually the
case. From Table A6 it can be seen that the charge re-distribution of
the B dimer non-interacting fluorines is less than that found for the
A dimer. So that the B dimer also typifies the hydrogen bonding
situation in this case.

More detailed analysis of the nature of the interaction would



Overlap Population Condensed

Table A4

to the Interacting Atoms in Dimers A,B

DT-A

0.0011

0.0011

0.0004

0.0004

0.0004

0.0004

LT



Electron Density Condensed to Atoms

Table A5

atom/system Monomer DT-A DT-B
C, 5.628 5.632 5.630
Hl 0.932 0.925 0.925
Fll 9.147 9.148 9.152
F12 9.147 9.148 9.146
F13 9.147 9.148 9.146
c, 5.628 5.626 5.630
“2 0.932 0.929 0.925
F21 9.147 9.153 9.152
F22 9.147 9.145 9.146
F 9.147 9.145 9.146

GLT



Table A6

CHF

3 Energy Distribution (AU)

Component Menomer DT-A DI-B
E -462.,232852 -1048.629294 -1062,201307
electronic
E 130.132801 384.428291 398 .000302
nuclear
E =332.,100050 -664.201003
total

-664,201005

9.1
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require a more quantitative decomposition of the stabilization energy
into electrostatic, polarization, exchange, charge transfer and coupling

3
components.
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Figure Al2. Charge Redistribution for Dimer Types A and B
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APPENDIX B

Infra=-Red Spectroscopic Investigation

of Association in Gaseous Fluoroform



- 181 -

Infra-Red Spectroscopic Investigation of Association in Gaseous Fluoro-
form

In most cases of hydrogen bonding, a red shift upon aesociation is
obaerved.l However, calculations on the frequency of the C-H stretching
mode a8 a function of force constants for the linear and bent triatomic
dimer models (C---H=~---F) indicate that a blue shift would occur upon
association. It is believed that the large blue shift of 30 cm-l in the
C-H stretching frequency in going from gas to liquid is related to
association of CHF3 monomers. We propose such a temperature dependent
association in the liquid phase for CHF3, based on the avallable experi-
mental data and quantum mechanical calculations on dimers of CHF3 which
have shown that the most stable dimer forme exhibit stabilization
energies of ~ 0.7 kcal/mole-dimer. 1If such an association was appreci-
able, it might be possible by careful observation of the spectra to see
a fregquency shift or a change in spectral intensities which would
imitate a frequency shift by observing the spectra at various temperatures.
That is to say as the temperature decreases, the concentration of the
assoclated form would increase and that of the monomer would decrease.
This would be indicated by corresponding changes in the intensities of
the respective C-~H stretching frequencies. If a low enough temperature
could be reached, one would expect to see the monomer intensity approach
zero so that the net effect appears to be a frequency shift.

To see if such a blue shift or intensity change would occur, the
infra-red spectrum of gaseous CHF3 was taken at three temperatures over

1 to 3100 em !; T=500°K, T=300°K, and

the frequency range of 2990 cm
T=200°K. The spectra were taken on a Beckman IR 12 using cells ficted

with KBr windows. For the measurement at 500 degrees-K a cell was
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wrapped with heater wire and insulated. A thermocouple in contact with
the cell wall was used to measure the temperature. The pressure rise in
the cell was determined to have no important effect on the spectra.
Pressures from 20 to 80 torr were used. To study the spectra at lower
temperatures, it was necessary to design a cell for this particular
purpose. A diagram of the cell used is shown in Figure Bl. The cell
has a cooling cocil mounted in the sample chamber, where the inner
diameter of the coil is greater than the diameter of the window path.
The cell is provided with a vacuum jacket to minimize the condensation
of atmospheric water. A dry ice/acetone bath was used for cooling the
gas sample. The temperature of the inlet and outlet coolant was
measured, and the average of these values was used tc indicate the
temperature of the gas. Due to the difficulty of measuring the tempera-
ture of the gas or the pressure of the ges in this experimental situ-
ation, it was assumed that the temperature of the gas equilibrated with
that of the heated wall in the high T cell or the cooling coil in the
low T cell.

Typical spectra obtained at the temperatures mentioned above are
shown in Figures B2 and B3. Identification of the observed peaks are
found in Table Bl.

As can be seen from the spectra, no measurable frequency shift
occurred (frequency resolutiom 0.5 cm-l). The only noticeable tempera-
ture effect found was an expected sharpening in peak shape as the
temperature decreased and a broadening in peak shape as the temperature
was increased. However, this result does not rule out the existence of
an associated form. If the concentration of the associated forms is

small over the temperature range examined, it could be buried under the
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monomer spectra. Also, if the temperature effect on the concentration
of the associated form is small, a change might not be readily observed.

Consider the following equilibrium:

A,(8) 2 2A(g) , B~(1)

where A is the CHF3 monomer and Az the dimer. The equilibrium constant

can be expressed as

2
K = __)_(1-]z{x , B-(2)
where X is the fraction of dimer. K is given as5
-7 g 2(m kT)3/2 (l-e-hmc/kT)e-AEB/kT
K = 9.819x10 ° "o ‘A B-(3)
P 2V m,r 2h
Ae

where T and P are the temperature in deg-K pressure in atmospheres,
respectively, g is the electronic degeneracy, m, is the mass of CHF3
(AMU), w is the H~---F vibrational frequency (cm-l), L is the carbon-
carbon length (R) and ﬁEs is the stabilization energy of the dimer
(cal/mole-monomer). Evaluation of this expression for various values
of the hydrogen bond strength and pressure as a function of temperature
yvields the ¥ dimer expected. The results are tabulated in Table B2.
The boxed off area in this table would roughly correspond to the T-P
conditions at which the gas spectra was taken. Note that the following
values were used for the various terms in Eqn. (3); these values are

based on the QM calculations (Appendix A) and a normal coordinate analysis of
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Table Bl
Peak Assignment for the C-H Stretching Frequency

in CHF,(g) Between 2990-3100 Wavenumbers L

Peak Observed v Literature v Assignment
cm” em~1
Q 3034.8 103422 vcm e
P
Rotational envelope
R
L 3024.4 3025.0° v e
2
3029.4 3031.4 Hotband
4
3042.0 Impurity?
Possible Fermi Resonance?

3040.1

{81
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CHF3—dimer model systems:

T =7 = 5.0 '

e C=-—=C

1

w = A = 100 cm

Wpe
As can be seen, the calculated fraction of dimer is sufficiently small,
at the experimental condition used, so that the monomer spectra would

readily obscure that of a dimer.



Table R2

CHF3 Dimer Fraction at Various Temperatures,

Pressure and Stabilization Energiesb

P =0.0l atm _ P=0.10 atm __ P=1.0atm

?(°x) azsa =  0.05 0.35 1.5 0.05 0.35 1.5 0.05 0.35 1.5
500.0 0.0 0.1 0.2 0.4 0.5 1.6 - 3.5 4.6 12.5
300.0 0.1 0.1 0.6 0.5 0.9 5.6 - 5.0 7.8 30.4
200.0 0.1 0.2 2.8 0.8 1.6 19.5 6.8 12.7 56.7
191.0 0.1 0.2 3.5 0.8 1.7 22.5 7.1 13.5 60.0
175.0 0.1 0.2 5.2 0.9 2.0 29.1 7.6 15.2 66.2
150.0 0.1 0.3 10.8 1.0 2.7 43.5 8.7 18.9 76.3
125.0 0.1 0.4 24.9 1.3 4.0 62,4 10.3 24.5 86.0
118.0 0.1 0.5 31.4 1.3 4.5 68.1 10.9 26.6 88.5

aAES in units of kcal/mole-monomer

bUnits of percent

68T
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APPENDIX C

Computer Programs:

1. CRYPTIC - CRYostat Pressure Temperatutre
Interactive Control Program

2. P9042DQ - Program to Calculate Vibrational
Frequencies and Vapor Pressure
Isotope Effect as a Function of

Temperature
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Listing of CRYPTIC
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CRYOSTAT PRESSURE/TENPERATURE TNTERACTIVE CONTROL PROSRANINDG/NAIN

TUIS ROUTINE ALLOUS THE USER TO ENTER UMATIVER SUBROUTINE REOGUIRED
TO PERFORK THE BESIRED TASK, TMAT 18;7T,P NREAS OR MEATER ADJ,ETE

CRYPTIC/NALN
NBAVERBION 81 8/21/7¢
ANTHORY M. POPOUICZ

BOUBLE PRECISION TSH(180),ABSP(100),0P31(160),0P21(100),0P11(190),
JILEP1(106), TLUP2(166) ,TLUPE(100)
BINCHSION TENP(2,7),DANPF(7) ,POURF (7) UINDO(T) ,P(7) ,RATELD),
BELTALT}
CONNON /BLX1/TENP ,TERR
CONNON /DLE2/P
CONNON /BLK3/TCUT,ICYCLE
COMAON /BLEA/RTUT,IPRY
CONMON /BLKS/TSN.ABSP,DP31,0021 ,0P11, TLNP , TLIP2, TUNPS, SPOINT
CONNGN /BLX4/GUT,FRRS,RLIN,DANPF ,POURF,UINDO
COMNON /BLK?/TSET,TING
CONNOR /BLKS/RATE BELTA
5 3 1s1,2
3 P(1)e0.0
IPAINT=Y
CALL INSTR

50 33 1=1,3
10 IF(ITTOURC"007).ME.0) 80 TO 10

33 CONTIMUE

TYME 101

101 FORNAT(//77 KD@es (I2)Y ‘%)

ACCEPT 102,1R007

‘102 FORMAT(12)

00 TO (94,34,34,44,54,04,74,04,94,104,114,124) , IR00T
B
14 TYPE 111

111 FORMAT(/77° ROUTESTCAR (11)Y ‘%)

ACCEPY 112,10k

IF (104.£8.0) %0 TO 3
CALL TCAR

a0 103

24 TYPE 121
121 FORMAT(//’ ROUTESRTAR (11)? “9)

ACCEPT 112,104
IF (10K.£0.0) 80 TO §
CALL RTAR
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TS
34 TYPE 131
131 FORNAT(//” ROUTE=HANAR (11)Y “8)
ACCEPT 192,104
IF (18K.50.0) B0 T0 9
CALL HANAN
0TS
44 TYPE 141
141 FORMAT(Z/° REUTESHAUTE (112 “8)
ACCEPT 132,10K
IF (10K.66.8) 80 TO 3
CALL uAUTO
T3
34 TYPE 134
151 FORNAT(//2 ROUTESPTIN (I1)? “$)
ACCEPY 112,10K
IF (104.£0.0) 80 TO 3
CaLL PTIM
08 108
é4 TYPE 141
141 FORMAY(//’ ROUTESNUTEN (I1)? “%)
ACCEPT 112,10K
IF (1DK.EQ.0) 60 TO 3
CALL MUTEN
G0 16 3
724 TYPE 121
171 FORNAT(//’ ROUTE=INPUT (I1)? “9)
ACCEPT 112,10K
IF (10K.EQ.0) 60 YO 9
CALL TWruT
TS
84 TYPE 181
181 FORRAT(//° ROUTE=DDUNP (I1)? “$)
ACCEPT 112,10
IF (J0K.EG.C) 80 YO S
CaLL 2Duwr
e T08
94 TYPE 191
191 FORNAT(//’ ROUTESPRESS (11)Y ‘$)
ACCEPT 112,10K
IF (10K.E0.0) 80 T0 S
CALL PRESS
8 708
104 TYPE 1101
1101 FORNAT(//7 ROUTIESINSTR (11)7 “§)
ACCEPT 112,10k
IF (I0K.EQ.8) 60 TO S
CALL 1M8TR
oG T3
114 TYPE 1111
1111 FORMAT(//° ROUTE=CONV (I1)? ‘0)



- 195 -

ACCEP1 172, TOK
IF (10K.50.0) 8O0 TO §
CALL Canv
RN
124 TYPE 1121
1121 FORNATL//” ROUTE=EXIT (I1)T ‘%)
aCCEPT 112,10K
IF (10K.E0.0) @O0 T0 &
TYPE 113
1131 FORNAT(//T10,° CRYPTIC EXIT—-RUN TERNINATED
CALL EXIY
1
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CRYPTIC/TCAR: SUDROUTINE 81

THIS ROUTINE NEASURES THE TENPEAATURES OF THE CRYOSTAY
CONPONENTE TUICE OVER A SPECIFIED PERIOD OF TINE.

THE ROUTINE CALCULATES TENPERATURE CHANGES AND THE
RATE OF CNAKGE PER CONPONENT AND PROVIDES A

PRINTOUT OF THIE INFORMATION.

TCARIVERSION 81 8/23/79
AUTHONY N. POPOVICE

SUBROUTINE TCAR

CONNON /BLKI/TENP,IERR

COMNON /BLKI/TCMT,ICYCLE

COnNON /BLKZ/TSEY,TINC

CONNON /BLKO/RATE,BELTA
DIMENSION IDATAC2,7),DATA(2,7),1CHAN(7) ,1DONE(7)
IARSR= 177084

1ADMUF="177002

ICKAN( 1) 13

1CHANL2)n" 418

ICHAN(Z)="1013

ICHAN(4)2"1413

ICHAN{S)="2015

ICHAN(4)="2418

ICHAN(7)="3018

IDBNE(1)="214

IDONE(2)a“414

IDONE(2)="1214

IDONE(4)="1414

1B0NE{(3)="2214

IDONE(4)="2414

1DONE(7)="3214

ITRYsd

1ICYQLE~8

0 3 1s1,?

CALL IPOKE(IABSR, ICHAN(I))
1TEST=1PEEK{ 1ADSA}

IF (ITEST.CA.1DONE(1)) @0 TO 39
IF (ITEST.0T.IDONE(]I)) @G TO 23
6 70 13
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23 TIPE 1,1
11 FORMATC//T16,7 READ PROBLEN ON CHNAMIEL @ ,11)
o0 18 Yy
35 IDATACITRY,1)wIPEEK{IADDUF)
IDATACITRY, 1) IDATACITRY, 1 )="170000
3 CONTINUE
ITRY=]TRY 1
TINE1=SELNDS (0. )
43 TINE2+SECKBS(TINEY)
IF CTINE2.LT.TCUT) 6 TO 43
IF (ITRY.81.2) @6 O 38
% 10 8
S 30 13 Ie1,2
30 13 J=1,7
BATACL,J)eAJFLT(IBATACT,0))
13 CONTINL
2023 1s1,2
3 23 J=i1,7
BATACL, J)=DATA(T, J)920.000/4094.0
23 CONTINGE
M 33 1=1,2

TENP(1,1)8207.14=80 . S10ODATACT, 1)94,. 22318 (DATALL, 1 )092)~0. 674889 (}

ATat1,1)803)-273.18

TERP(1,2)5286.25-39.7010DATA(],2)44.00490 (DATA(1,2)902)-0.433010(D

+ATA(],2)003)-273.13

TENP(1,3)0289.50~44 . 1480DATAT],3) 4. 21130 (DATALL ,3)902)~0. 4843 12(D

-“.‘1'3,..3"2’30"

TENP(1,4)u288.93-42,7010DATALL,4)¢4.09742(DATA(],4)902)-0.737490(D

ATA(1,4)903)-273.13

TERP(1,5)0287.24-42.503oDATACL ,5) 44, 49399 (DATA(1,5)992)~0.492016 (D

+ATA(1,5)003)-273.1%

TENP(1,4)0205,37-47.8170DATA(L ,6)45.92730 (DATA(],4)002)0.789902 (D

.lT.(l.l)"l”Z’l-lS

TENP(1,7)0294.24=47 .6 240DATA(L , 71935, 8374% (DATA(],7)902)=0.770144(D

ATA(1,7)003)-273.18
33 COMTIMUE
DO 43 Iai,?
BELTACD)=TENP(2,1)-TENP(1,1)
A3 RATECI)SDELTA(L)/TCVT
ICYCLE1CYCLE )
TYPE 21,1CYCLE

29 FORNAT(//T45,” READ @ /,14//738,” Bi “,T43,7 L8 7,738,” 08 “,T4S,°

o B8 7,778, A8 7,708, LE 7,798, UC “//120,°

[ ]

B8 33 1=1,2

TYPE 31,TENP(I,1),TENP(],2) ,TENP(I,3), TENP(L,4),TENWP(1,5), TENP(] ,é

o1, 1ENP(L,7)
31 FORMATC/Z7  TEWP (DEB €03 *,7(F10.3))
S3 CORTINGE

TYPE &41,DELTACT) ,DELTAC(2),DELTACI) ,DELTALA) ,DELTA(S) ,DELTALS) ,DELY
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AT}
A1 FORRATL//7/7 BELTA (DEQ C)s 7/,2(F10.3))

TYPE S1,RATE(1) ,RATE(2) ,RATE(3) ,RATE(4) ,RATE(S) ,RATE (8) ,RATE(?)
St FORMATC//7° RATE (BEB/SEC)y “,7(F10.3))

ITRY=1 _
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CRYPTIC/RTAR: SUBROUTINE 02

THIS ROUTINE NEASURES THE TENPERATURES OF THE CRVORTAT
CONPONENTS UEING PLATINUN RESISTANCE THERNONETERS.

DUE 70 THE FACT THAT TNE CAPILLARIES ARE NOT EQUIPPED ¥ITH

NITH PRT‘E TNE THMERNGCOUPLES ARE USED 1IN TNIS CASE.
TENPERATURES, TENPERATURE CHANGES AMB THE RATE OF CHANGE

ARE BETERNINED FOR EACH CONPONEXT,ANB PRINTOUT 18

PROVIDED. TUD REASURENENTS ARE NADE OVER &

SPECIFIED TINE PERIOD. ALSC TUO PRECISIONS 1N TNE A/D CONVERSION
ARE AVALILADLE:12DIT/1SBIT PRECISION. THE LEVEL OF PRECISION

IS DETERRINED BY VNE LEVEL OF TNE REFERENCE VOLTAGE FRON TME
DATEL VOLTASE CALIDRATION SOURCE,THAT I8 A REF VOLT. REATER THAN
.5 VOLTS CAUSES THE ROUTINE TO PERFORM THE 13 BIT REASUREMENT.
MOTE THAT THE TINE BDETUEEN READINGS USING PRT‘S IS THE

SPECIFIED MALT TINE PLUB 40 SECONDS(EXTERNAL ELECTRONICS
SETTLING TINE).

RTARIVERSION 6t 8/28/79
ANTHONY M. POPOUICZ

SUBROUTINE RTAR

CONNON /DLKL/TENP, IERR

CONMON /DLK4/RTUT, IPRT

CONEQN /BLKO/RATE,DELTA

DINENSIDN IDATA(2,7),DATAL2,7),1DADB(S), 1DADF (4)
DINENSION ICMANC(2),IDONE(2),JADBR(2), JD0NE{2),SCALE(2)
IPRIed

ITRY=

IDADB(1)="170444

IDARB(2)="170444

1BARD(3)5" 170444

IDARD(4)="170434

IDADB(S)="170434

IDABD(4)="170434

IBADF{1)=*4001

I1BADF (2)2"4002

IBADF (3)="4004

IBADF (4)5°4001

IDADF (3)="4002

IDADF (4324004
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JCHAN{1T="2413
ICHAN(2)=" 3013
IDONE(1)="2414
10K (2)5"3214
JABER( 1 ) o 4401
JABBR(2)="4408
JBOME(1)="4408
JBONE (2)="4404
IPREC(1)e12
IPREC(2)=18
SCALE(1)=18.00
SCALE(2)e1.000
IABSR="177000
JABDFa"172002
S CALL IPOKE("170444,"4000)

CALL IPOKE("170484,°4000)
CALL IPOME(IADSR,"3001)

13 1TEST=IPEEK(1ABER)
IF (ITEST.E8."5200) G0 10 33
IF (ITE87.07."3200) 60 T0 29
o8 710 15

23 Tt 1

Y1 FORMAT(//T18,” READ PROBLEN ON CHAN 811 (VREF) )
o8 T2 7999

33 IREF=1IPEEK(IADDF)
IREF=IREF-"170000

43 VREF=AFLT(IREF)
VREF=VREF=10.000/40%6.0
1F (UREF.BE.0.38) 80 TO %3
J=t
00 70 &

3 J=2

40 CALL IPOKE("120444,"4000)
CalL IPOKE("™170434,"4000)
CALL IPOKECIDABBLS) ,IBADF(4))
TINE1=8ECNRS(0.0)

43 TINE2=SECNBO(TINE1)
IF (TINE2.0E8.5.0) 80 T0 73
Gl T8 43

75 CALL IPOKE(IABER,“4401)

03 ITESTeIPEEK(IADER) ©t
IF (1TES1.E8."4400) B0 TO 103
IF (1TEST.0T."4400) 08 T0 73
80 16 &3

9% TYE

21 FORMATC//T10,” READ PROBLEN ON CHAR 219(VEI8-REF/PRT) “)
6 T8 7990

105 IREFR=IPEEK(IABDF)
IREFR=1REFR-"170000
REFR=AJFLY (I1REFR)
REFR=REF2210.000/40%6.9
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TS ¥ Iy
CALL IPOKE(“170444,°4000)
CALL IPOKE("170434,°4000)
CALL IPOKECIDARBLI) ,IDADF(I))
TINE1=SECNRS (0.0)
125 TINE2=SECHBS(TINE1)
IF (TINE2.8E.5.0) 00 TO 133
0 10 123
133 CALL IPOKE(IABER,JABSR(J))
145 1TEST=2PEEX(IADSR)
IF (ITEST.EQ.JROME(J)) G0 TO 148
IF (ITEST.ST.JDONE(J)) 00 TO 133
88 10 143
133 TYPE 39,1
3t FORMAT(//T10,7 READ PROBLEN OX CHAN 810(VEIEG) PRT & /,I1)
00 T0 99?
143 IDATACITRY, I)=IPEEK(1ABNF)
IBATACITRY, D)=IDATACITRY, I)="176000
BATACITRY, 1)=AFLT(IDATALLITRY, 1))
BATACITRY I )= (DATACITRY,2)/4094.0)0SCALE (J) *VREF-REFR
3 CONTINKE
B0 13 11,2
=]e5
CALL IPOKE(IABSR, ICUANCI))
178 ITESTIPEEX(IADSR)
IF (ITEST.ER.IBONE(L)) GO TO 193
IF (ITEST.BT.IDONE(I)) 60 TO 183
8 10 178
183 TYPE 41,8
41 FORMAT(//T10,” READ PROBLER OM CHAN & “,11)
88 10 7999
199 IBATACITRY M) 1IPEEK( IADDF)
IBATACITRY  N)a1DATALITRY, N} -"170009
BATACITRY N)=AJFLT(IDATACITRY H))
BATACITRY LN )sPATACITRY,M)020.000/4096.0
13 CONTINNE
ITRY=]TRY Y
IF {ITRY.LE.2) 00 YO 113
36 23 11,2

TEWP(],1)93,3338/DATALL,1)034.07002.20080DATA(L, 1 192,2642C-030DATA

of "' you2-§, 0294E-0400ATA( I’ 1)883-273.135

TENP(1,3)82.8320/0ATAIL,2)430.96342,27420BATA(T , 2)¢1 .6739E~030DATA

0{192)802-2.2T44E-042D0ATA(],2)903-273,13

TENP(1,3)03.9408/DATAC] ,3)430.00342.24718DATA(I, )92, 1929C-030DATA

ol l' 3)0s2=4,.1024E-060DATA(] .3)”3'273-‘5

TERP(E,4)03.6709/ATACT ,4)¢T1.35442,24890DATA(],4)42.0873E-03eDATA

o (1,41002-3.7057E-040DATA(] ,4)903-273.18

TENP(L,8)n3.8110/DATA(L,5)431.43442,2432eDATA(1,5)42.1335C-03eBATA

o{1o3)002=4.1014E-06°DATA(]1,5)903-273.18

TENP(1,4)0298.37-47 . 0176 DATACL 4145, 92730DATA(L ,4)292-0 . 709009DATA

o{1,6)803-223.18



o3
N
IAMILNOD B800
I=¥TIT bbb
0098 0L 90
(000F.'PCV0L1.)TM0JI TV
(000F. 40901 ) TN0JT TIVD
(YT
(e 0ld1¢ 11238/930 vy 1171100004 18
L)LV (131N (S) 2LV (W) AV (D) 2IVH (D) TV  CL)3LWN* IS 2dAL
((L°0L4)2%, 1(I-03E)VLTE H177)199%8048 1L
(T3}
LY (NIL TN (SIVL1IE (MIVLTIE (LWL T (DHIVLIN  C1DVI TG L2 dAL
IMNILNOD TV
((E°004)Z°, V(O3-030) 4L 77V 190004 19
Wwnamn'e
PDIMMIAL (S TINIL (O TIIL (R TIGMIL (2 TIMTIL (L '2) D1 %19 3dAL
Zhi=1 ¢y ¢

" socase”

L0TL77, M LiS6L0, 3N L0eeLt, oy L, aR L
‘CPLY, BE LCSE1S, 87 ,°ShLC. ME LUSEL//79TY, B EVEN LUSVL//)IVNN03 1S
1841418 WAL
tel8dI=L8d1T
(OV+L0LE) 7(1IVLINE=(T) 3LVE €2
(T40)M3L-{T'TI MIL=(1)VLTIE
£'1e1 1T 08
WML L2
Si°TLT-toe
VAVEOR I0LL  0=-Z0a (L 1IVAVEEILED SHL L TIVLVESITY LY=L 0iTn (L' 1) dNIL

- 20Z -



OoOODOOOOOOOODOOOOO®

- 203 -

CRYPTIC/HARANS SUBROUTINE €3

THIS ROUTINE ALLOUS ADJUSTHENT OF THE VARIGUS CRYQSTAY
WEATERS FRON THE CONSOLE TERNINAL. THE OPERATOR SPECIFIES
UNICH MEATERS ARE 70 BE ABJUSTED, THE ROUTLNE TWEN REOUESTS
THE PERCENY POMER 18 BE SUPPLIED TD THOSE PARTICULAR
MEATERS. TNIS INPUT IS THEN REDUCED TO A FORNAT WMICH IS
CONPATABLE BITN THE B/4 CONVERTERS. THE ROUTINE TuUEN
SUERIES THE OPERATOR UITH THE TNPUT JUST SUPPLIED, IF

THE OPERATOR IS SATISFIED BITH TH1Z AB INPHT TO THE D/A‘S
THEN THE ROUTINE LOADS THE D/A’S AND RETURNS TO XDA.

HANANVERSION Bt 0/29/7¢
ANTHONY N. POPOVICE

SUBROUTINE HANAN
CONNON /DLK2/P

DINEMBION W(7),V(7),I1BABD(?), IDABF(?),IN(?)

13ADD(1)u"120444

IBADD(2)"170442

1BADD(3)e"170440

IDADD(4)="170450

15ABD(S5)=*170454

IADD(4)5*170452

1BABB(7)u"170444

N(1)aP()e, 1267

W(2)=P(2)e.203¢

U(3)=P(3)e. 02547

U(A)aP(4)e. 4442

U(S)=P(S)e. 4378

U(hIoP(4)e. 1393

N(7)eP(7)e,04027

2 3 1=1,7

INi1)ad

ro?{mmo,' NANUAL HEATER ADJUST: )

YL 1)

FORMAT(///710,” CURRENT POUER LEVEL LISTING BESIRED(IN)T “4)
ACCEPT 2,ILIST

FORMAT(I1)

IF (ILIST.E8.0) 80 TO 13

TYPE 21,P(1),P(2),P(3),PC4),P(5),P(6),F(2) M(1),0(2),8(3),8(4),U(S
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1,571 W7}
et 4
21 FORNAT(///7724,° SHal *,T34,” L8s2 “,T44,’ RSs3 “,TS4,/ US4 “,Téd,
.’ ASeS 7,174, CLeg 7,TB4,” 18e7 “//T20,”
21/110,” P(OLD),?

S(OLD)"//T10,7(AX,E9.3)//714,”

AN, F6.2)//T18,°

. ’)
S TYPE 3
31 FORMAT(//7/7710,° NEATERS(S) TO ABJUST(LIST DIR FORNAT)Y ‘8)
ACCEPY o, 1H(1),IN(D) , U3}, IN(A) L IHIS), THIS) , IN(D)
50 33 11,7
80 TO (113,125,135,145,15%,143,129),IN(])
a0 10 33

119 TYPE 11

111 FORMAT(//T10,°
ACCEPT o, PL1)
8 10 33

123 TYPE 121

121 FORMATL//T18,’
ACCEPT o,P(2)
[

ZPBHILIST BIR) = ‘%)

ZPLSI(LIST BIR} = ‘)

135 TYPE 131

131 FORMAT(//T10,°
ACCEPT o, ,M(])
a0 70 1B

143 TYPE 141

141 FORBAT(//T1Q,°

IPRS(LIST BIR)

IPUS(LIST BIR)

‘)

’$)

ACCEPT o, Pi4)
80 10 33

135 TYPE 191

131 FORNAT(//T18,”
ACCEPT »,P(3)
et 10 13

143 TYPE 141

161 FORMAT(//T18,”
ACCEPT o,P(4)
60 70 13

173 TYPE 121

171 FORMAT(//T10,’
ACCEPT o,P(7)

33 CONTIMUE
Ui1)aP(1)s,1797
Ui2)sP(2)e,.203¢
U3 eP(3)e. 02547
U4)oP{4)e, 4442
U(3)aP(3)e.437¢
Uie)=Pi4)e.139]
U(7)sP(2)0.04827
Vi1)20,.2641980RT(UL(1)) 0,348
V(2)=0,1593+80RT (U(2)) 49,342
V312, 083080RT(U(3) )50.54¢

IPASILIST BIR) = “¢)

IPCLILIST BDIR) = “$)

IPIB(LIST DIR)

‘)
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CRYPTIC/MAUTE: SUBROUTINE B4

THIS ROUTINE AUTOMATICALLY ADJUST THE CRYOSTAT WEATERS

(EXCEPT FOR TME INTER SHIELD NEATER) USING BATA OBTAINED

FRON CALLING TCAR OR RTAR. TNE FEEDDACK LOSIC 18 ESSENTIALLY

& PROPOATIONAL CONTRGL TYPE VUITH DUILT IN DANPING AND POVER
FACTORS. ALSS THERE ARE POUER LOCK FEATURES FOR EACH

NEATER 80 AS NOT T8 FORCE THE POMER SETTINGS TO IERD. THIS
ROUTINE ATTENPTS TO RAINTAIN THE APPROPRIATE TENPERATURE
DIFFERENTIALS DETUEEN ALL CONPOMENTS UP TO TSET EXCEPT FOR THE
REGULATED SHIELD BUE T8 ITS LARSE MEAT CAPACITY TO POUER RATIO.
ALSD THE SANPLE HOLDER TENPERATURE 18 FORCED TG BE LOUER THAK
ANY DTHER CONPONENT TENPERATURE THROUBHOUT THE ENTIRE CONTROL
PROCESS.

TO LOOP OUYT OF TME COMTROL PROCESS TYPE A CHARACTER(CR) ON THE
CONSOLE TERNINAL UITHIN BUT AFTER MEARING THE CONSOLE DELL
SOUND. & CRARACTER IN THE KB BUFFER UILL RETURN CONTROL TO KBG.
AN ENFTY DUFFER BILL CAUSE HAUTO TO PERFORN ANOTMER CONTRGL
CYCLE DEFORE & KD GUERY UILL BE ATTENPTED ADAIN.

HAUTOIVERZION B 9/4/79
ANTHONY N, POPOUICZ

SUBROUTINE NAUTO

CONNON /BLK1/TENP, TERR

CONMON /BLK2/P

CONNON /DLKA/GUT,FRRS,RLIN, DANPF ,POURF , U INDO
CONNON /BLK?/TSET,TINC

COMNON /BLNS/RATE,DELTA

BISENSION BT(7),N(?),IBABD(?), IBADF(7),U(2),¥(7),T8(7)
N

18(1)20.0

18(2)0.2

18(3)e-2.0

T8(4)e8.2

18(S3=0.2

T8(4)00.2

18(7)20.2

TYPE 1

FORMAT(//7/T10,7  AUTO HEATER ADJUST: (OsTC31aRT) SENSOR TYPEY “4)

ACCEPT 2,18EM
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Z FORRAT (1Y)
CALL TCAR
‘IF (IERR.NE.O) 00 TO 999
0 3 1st,27
Nil)=d
3 DT(I)eTSET-TEWP(2,1)+T8(1)
§ IF (ISEN.K6.1) 60 T8 15
CaLL TCAR
80 T0 20
13 CALL RTAR
20 IF (1ERR.ME.Q) G0 TO 99
IF (R.EA.0) 60 70 28

THIN=ANING (TENP(2,2) ,TENP(2,4) , TENPL(2,5) ,TENP(2,4),TENP(2,2)

IF (TNIN.BY.TENP(2,1)) 80 TD 28
Pit)ed. b
00 70 33
25 30 313 Isi,4
IF (1.E8.2) 80 TO 33
TaTENP(2,1)
0=T8ET-T+TH(])
IF (Q.8T.UINDG(I)) 6O TC 113
ReRATE(L)-RLIN
IF (R.0E.0.0000) G0 TO 143
IF (RATE(1).GE.0.0) G0 TO 129
R{I)ai(])e1
G0 TO 148
118 IF (RATE(I).8T7.2.0£-03) GO TO 143
H(L)eN(1)eY
143 PUI)n(200N(1) ) ({TBET-T4TH(I) ) /BT(1)oPOURF (1)eBANPF (1))
e T N1
123 MH1)=P(D
33 CONTIME
T=TENP(2,3)
Q=TEET-T+T8(D)
IF (G.LE.ULNDO(3)) 88 TO 139
Fe(TSET-T4T8(3))/BT(D)
IF (F.LE.FRRS) 60 10 133
PLI)=POURE (3 )oDANPF ()
80 70 143
153 IF (RATE(3).0E.0.0) 00 T0 143
N(I)wl(3) el
143 P(3)o(2e80{3) )0 { {{TEET-T+TS(3))/DT(3) )ePOURF (] )0 DANPF (3))
33 30 43 I ,4
PTsPOURF (1)sBANPF (L)
IF (P{1).0T.PT) GO T8 173
IF (P(1).L7.0.0) 60 TO 183
e T8 30
175 P(1)sPOURFDARPF (1)
e 18 36
183 Pi1)=d.0
0 TE 11,1,0(D)
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11 FORMAT(7/T18,” IP(N’,11,%)n *,F10.2) .

43 CONTINME
UCHeP(1)e. 1707
V(2)eP(2)8.2630
U(3)np(3)90.02347
U(4)aP(d)e, 4462
W(S)sP(S)e.4342
Uo)np(6)e. 1393
V(1 )u8,2041080RT(U(1))+0.548
V2120, I1SPSEBORT (U(2)) #0542
V(3)2.883080RT (W(3))+8.549
V(4)m8,0948780RT (U(4))40.558
V(3)00.09400030RT (U(5) ) 00499
¥(6)50.3121080RT(U(4))+0.399
IDARD(§ )n*170444
IBABD(2)="170442
IDABB(3)=*170448
IDADD(4)="170480
IDADD{S)="170454
IBADBL 4)2*170452
80 53 Isi,é
BANF (1)2{-V{1102048.0/10.00)¢2048.0
1BABFLI)=1NT(DABF (1))
1DABF (1) =ABS(IDADF (1))
CALL IPOKE(IBADDA(I),1DADF(I))

53 CONTINGE
20 43 1=1,3

10 1F (ITTOUR(*007).NE.0) 80 TO 10

¢3 CONTINUE
L 21

21 FORMAT(//710,” GUERY TINE’)
TINE1=SECHRS(0.0)

AS TINE2eSECNDS(TINE1)
1f (T18E2.GE.0UT) 60 10 53
80 T8 43

53 ICHAR=ITTINRC)
IF (ICHAR.GE.0) 80 TO 9999
Neli+1
e 105

9999 CONTIMUE

AETURN
o)
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CRYPTIC/PTIN: SUBROUTINE 88

THIS ROUTINE ACCEPTS INPUT FRON THE COMBOLE TERMINAL.

THIS INPUT CONSISTS OF THE PRECISION SANPLE WOLMR

PRT READINS, THE SPIRAL QUARTZ GAUGE COUNTER REABING AND

THE CAPACITANCE SAUNSE SIGNALS. THE ROUTINE AVERAGES NULTIPLE
INPUTE OF TNE SARE POINY IF 80 DESIRED;THEN PERFORNS TME
NRECESSARY CONVERSIONS OM TNE RAU SIGNAL. IT ALSD CALCULATES
THE APPROPRIATE TLUP/P DATA AND STORES THE RESULTS FOR A DATA
DUNP AT THE APPROPRIATE TINE.

PTINSVERSION B9 9/4/79
ANTHONY K. POPOUICZ

SUDRGUTINE PYIN |

CONNON /BLKS/TSH,ABSP,DP31,DP21,0P11,TLUPY, TLNPZ, TLNPS, IPOINT
DOUSLE PRECISION TEWP,DK,P3,P2,P1,P0

TENP=0.000

1P0INTeIPOINT+1

K=o

J=IPOINT

T8U3)0.000

ABSP (1)=0.000

I

BP21(J)=0.000

BP11(J)=8,000

Knitet

TENPTSN(L)

THE 1,4

FORNAT(//T10,° INPUT TSH(OWNS) FORMATIF10.4  TSH(’,14,%)=’4)
ACCEPT 2,T8M(J)

FORMAT(F10.4)

TSN(J)aTENPS TRNLI)

TEAP=ABSP(J)

L 11,4

FORMAT(//T10,” 1MPUT ADSP(CR.0) FORNATSF10.1 ABSP(/,14,7)’%)
ACCEPT 12,AB8P(J)

FORNAT(F19.1)

ABEP(J)=TERP+ADSP (J)

TENPSDP31(J)

e 21,J
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20 FORNATTZ7TI0,  INPUT DP31(VOLTSIXSCALEIFORNAT £14.5 3P31(/,14,%)
.- ’8)
ACCEPT 22,00314)
22 FORMAT(E14.S)
BP31(J)=TENP+BP31 (J)
TENPIP21( L)
L 31,4
31 FORMAT(//7710,% INPUT DP21(VOLTS)XSCALESFORNAT £14.5 DP21(%,547)s
. '8
ACCEPT 32,0021(J)
32 FORMAT(E14.S
BP21(J)sTENP+DP21 ()
TENPs P11 ()
TYPE 41,4
A% FORMAT(//T10,7 INPUT DP11(VOLTS)XSCALEIFORNAT E14.5 DP11(/,14,%)s
. ‘)
ACCEPT 42,0P11(J)
42 FORMAT(E14.5)
BP11LJITENPIDPII(Y)
TYE St
St FORMAT(//T10,” B0 YOU UANT TO AVERAGE IN ANOTHER SET OF DATA?’S)
ACCEPT 52,104
$2 FORMAT(It)
If <10K.EQ.1) 60 70 §
AKSFLOAT(K)
DisDBLE (AK)
TR (J)=TER(J)/BK
ABSP(J)mABSP(J) /N
DP31(J)=BP31 (5} /DK
DP21 (J)nBP21 () /DK
BP11(J)eBP11(J)/DK
TSHU)= (3. 3538500 /T8N () +(3. 4870001 1 +(2.2008D0 )8 TSH(J)+(2.2642D-03
JJE(TSH(I)082)-(5.0296D-06) ¢ L TSU(J)903)-2.7315002
ADSP(J)u(=0.192848=13) oADSP (1) 0034 (0.14857D-08) oADSP (J)ne2¢(0, 1523
-5D-01)0ABSP(J)
BP31(H)sBPI1 ()01 0B01
BP21(1)=BP21(J)*1,0001
P11 =DP1t(J)e1.0D01
TYPE 41,TSNCJ),ADSPCJ) ,DP31 (), 0021 (1), P11 (J),J
o1 FORNAT(//T10,” TBH(DEG-C)e “,£13.4//T10,° ABSP(TORR)e /,£13.4/
JT10,7 BP31(T0RR)e /,£13.4//T10,° BP2I(TORR)s /,E13.4//110,° bP
JHI(TORR)S *,E13.4//T10,% POINT Gs <,14/7/T10,% OK 10 SAVE(I1)T$)
ACCEPT 42,10K
42 FORNAT(IY)
IF (30K.£8.1) 00 7O 25
@0 T0 13
23 PI=ABSP(J)+DP31 (L)
P2eARSP(J) +DP21 L)
P1sABSP(J)4DP11(J)
POSADSP( )
TLNP3I(J)a(TBN(J)+2,7315002) D08 (P3/PO)
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LAFIT N (TIRCI R L. 73TON TR NP 27V T

TLHP1 (L J)n(TRE(N)+2.7313D02)oDL0GLP1 /PO)

TYPE 21, J,TONCI) ,ABSP(J) ,DP314J) ,DP210J0,DP11 (D), TLNPI(D) ,TLNPZ(J)
« o TLWP1LJ)

71 FORNATL///120,7 SOS06005000050008008080000808° / /124, & 7,147/
. T20,° TSN{C)s “,D13.46//120,° ADRP{T)e * M13.4//720," »3
T)e 7 D13 477120,° W21 ()= /,B11.6//7T20,° I T)= 2 ,H3.4
«/1120,° TLMPI(C)s “,B13.46//720,° TLWP2(C)= “ ,D13.6//T720,°
o TLUPELC)™ 7, B13.6/7T720,° 0890880000000 00E SNSRI/ )
RETURN
End
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CRYPTIC/WUTEN: SUBROUTINE M4

THIS RONTINE 18 USED TO SET THE NEV DESIRES TENPERATURE FOR
THE NEXT POINT IN THE RUN. THE OPERATOR RUST PERFORN TMIS
FUNCTION. 1T 185 NOT BONE AUTONATICALLY AND THIS DATH IS
REGUIRED BY THE VARIOUS ROVTINES.

WUTEN:VERSION 81 8/30/7¢
ANTHONY M. POPOUIC2

SUBROUTINE WUTEN
CONNON /BLK?/TSET,TLINC
CALL IPOKE("177000,°13)
8 ITEST=IPEEK(’177000)
IF (ITEST.EG."214) @0 TO 2%
IF CITEBT.8T.°214) G0 TO 15
st TS
15 TYPE §
1 FORNAT(//T10,” READ PROBLEN ON CHAX 81 TSH/TC “)
60 T8 9999
25 1TSus1PEEK(*177002)
1TSHaITSH-"170008
SHT=AJFLT(ITSH)
SHTegiT620.000/40%6.0
SHT=287.16-40.51008NT+4,223 1 o8HT#02-0,4748308NT903-273. 15
TSETBUTOTING
35 TYPE 11,8N7,TINC, TSET
11 FORMNAT(//T10,” WUTEN ACTIVEs TEW(DES-C)e /,F10.3,3X,  INCRENENTe
o 2oF18.4,8%,7 NEW TSET(DES~-C)s /,F10.3)
TYPL 31
3t FORMAT (//710,” 18 THIS TSET 0K? ‘$)
ACLEPT 2,108
2 FORMAT(1$)
IF (10K.E8.1) 80 TO 9999
TYPE 41
41 FORNAT(/7T16, INPUT THE DESIRED NEU TSETILIST BIR)T ‘$)
ACCEPT o,1
80 T0 38

2799 CONTIRE

RETUR
e



OoOOOOGOGO0OO0OD0OOO0O0

- 213 -

CRYPTIC/INPUT: SUDROUTINE &2

THIS ROUTINE ACCEPTS AB LEPUT FRON THE CONSOLE TERMINAL THE
PROSRAN CONSTANTS AND OPERATING PARANETERS. THESE WALUES
RUST BE DEFINED PRIGR T8 EXECUTION OF ALL ROUTINE EXCEPT:
DR, JUSTR , HANAN ,PTIN, INPUT , DBUNP ,PRESS,CONYV. INPUT CAN DR
ENTERED AT ANY TINE ,HOUEVER CRE SHOULD BDE TAXEN S0 AS NOT
Y0 FORCE TME CRYOSTAT T BACK TRACK IN TENPERATURE,THAT IS
SET TINC aND TSET APPROPRIATELY.

1INPUTVERSION 81 8/30/79
ANTHONY M. POPONICT

SUDRDUTINE INPUT
CONMON /BDLK3/TCHT,ICYCLE
COMNON /BLKA/RTUT,1PRY
COMNON /BLKA/QUT FRRS,RLIN,BANPF ,POURF ,UINDO
CONNON /BLK7/T8ET,TINC
BINENSION 1COBE(10)
S M 3 1s1,18
3 1COBE(1)=0
TYPE
1 FORMAT(//T10, INPUT OF DATA INSTRNCTIONS: LIST BIR ACCEPT FORMA
oT727718,¢ TBETIn1)7/7/T15,¢ TINC(w2)///T18,” TCUT{a3)’//T18,” R
TUT(4)7/T18,7 QUT(m3)//7/T1S,” POURF(1...7)(=4)7/7/T713,” DANPF(
elecd?dtu?)?7/718,° UINDO(1...7)(=0)“/7/T15,* RLIN(=9}’//T15,’ IR
RE(s10)7)7/710,° L1ST CODE VALUES FOR BATA INPUTILISY BIR): “9)
ACCEPT ¢,1C0DE(1),1C00E(2),1CODE(T) ,ICODE(4),ICODE(S),ICODE(S),ICO
BE{(7) ,ICODE(D),ICOBE(Y),ICODE(10)
N 33 11,1
00 T0 (15,23,35,4%5,43,73,05,93,103) , ICODE(])
8 18 22
19 TYPE 1%
11 FORNAT(//7T10,° TSET» ‘%)
ACCEPT o, T0ET
9 0 12
23 TR 21
21 FORNAT(//T18,° TINC= ‘$)
ACCEPY o,TINC
@ T0 3
33 TIE 3t
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31 FORNKTTI/T1S,” TCUTs “§)
ACCEPT o, TCUT
@ 10 12
45 TYPE 41
41 FORMAT(//T18,° RTUTs “$)
ACCEPT o, RTUT
@ 10 33
33 TYPE 31
S1 FORMAT(//T18,” QT *8)
ACCEPT ,00T
e 10 13
&S TYPL &1
41 FORMAT(//T10,” POURF(L T8 7)s “$)
ACCEPY ,POURF (1),POURF(2) ,POURF (3),POURF (4) ,POURF (S) ,POVRF (4) ,POM
RF(7)
e 70 13
73 TYPE 7%
71 FORMAT(//T10,” DANPF(1 TO 7)e “$)
:'cc;n o, DANPF (1), DARPF(2) , DANPF (3) , DANPF (4) , DANPF {3) , BANPF (4) , DA
PFLP)
st 3
e TYIE 81
81 FORMAT(//T10,” WINBO(I TG 7)= *$)
ACCEPT o,UINDOCT),MINDO(2),WINDO(3), UINDO(A) ,UINDOCS) ,HINBOCS) ,VIN
.38(7)
& 18 13
3 TYPE 91
1 FORNAT(//T10,° RLIN® ‘8)
ACCEPT o RLIN
@0 T0 33
105 TYPE 101
101 FORMAT(//T10,” FRRS= “9)
ACCEPT o,FRRS
33 CONTINUE
TYPE 211,7SET,TINC, TCUT,RTUT,GUT,RLIN FRRS
211 FORMAT(///T10,7 TSETs “,F10.3//T16,° TINCs “,F10.3//710,° TCuTs
o 2oF10.3//710,% RTUTs *,F18.3//T10,° QUTs /,F10.3//110,° RLIN =
o 7 F10.3//T10,% FRR3e -, F10.3)
30 43 Ie1,7
TYPE 221,1,POURF(1),1,BANPF(1),,UINBO(I) .
221 FORNATLI//T10,” POMRF(”,I1,7)= #,F10.3,5X,” DANPFL“,11,%)e * F10.
«3,5%,° WLNDO(’,11,%)s *,F10.3)
41 CONYIME
TR 231
231 FORMAT(///T10,” INPUT OK(I1)T “9)
ACCEPT 12,108
12 FORMAT(I1)
IF (10K.£Q.0) 80 TO 3
RETURN
)
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CRYPTIC/DUNP: SUBRONTINE 00
TNIS ROUTINE DUNPS THE PRECISION DATA ONTO DISKETTE FOR LATER
USABE IF 38 DESIRED A UELL AS PROVIDES A TADILAR TYPE OF
PRINTONT BN THE CONSOLE TERMIMAL. THIS ROUTINE SMOWLD BE
$SED JUST DEFORL THE TERNINATION OF THE RUN,HOUEVER IT CAN DE
USED AT ANY TINE SITHOUT CAUSING PROBLENS FOR CRYPTIL.
IDUNPIVERSION 81 &/30/79
ANTHDNY N. POPONICZ
SUPROUTINE DDUNP )
CONNONR /DLKS/TSN,ABSP ,DP31 ,DP21 , 0P8 1, TLIPL , TLIP2, TLUPS, IPOINT
N=1P0INT
Tveg 1
1 FORMAT(1N1,4X,787,4X,”TSH(C) 8%, ’P(TORR) 75X, DPT1{TORR) ,4X,” DP
o2V (TORR)Z 4K, ‘BRI (TORRY 76X, 7 TLNPZ1/ . 8X, /TLUP21” ,8X, " TLNPIY /17 -
. ’)
1IN
TYPE 11,0, TRH(N) ,ABSPLN) ,BP31 (M) ,DP21 () ,DP11CN) , TLNP3(N) , TLNP2{N)
o TLAP S (N)
11 FORBAT(14,8(2%,012.4))
3 CONTINNE
13 TYPE 21
21 FORMATC(//T16,7 DO YOU UANT TO BDUNP ONTS BISK (BX1:) ? “8)
ACCEPT 2,18k
2 FORNATI(IS)
IF (10K.E0.9) 80 10 §
e
31 FORMAT(//7T16,7 DX1s LOADED UITH A BLANK FORMATIED DISK ?%)
ACCEPT 2,104
IF (10K.EB.Q) 80 YO 13
30 13 Is1,8
URITECZ,41) N, T8HN) ,ABBPCIN) ,DPI1CH) ,DP21LH) PP 11 IN) , TLNPT(N) , TLIP
+20) , TLIPL L)
41 FORMAT(1A,0(2X,D12.46))
33 CONTINE
S CONTINE
RETURM
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CRYPTIC/PRESS: SUBROUTINE 89

THIS ROUTINE MEASURES THE TENPERATURE OF THE SANPLE MOLDER
USIM8 178 TMERNOCOUPLE AS THE SENSOR, THE ABSOLUTE PRESSURE
AND DIFFERENTIAL PRESSURES USING THE SPIRAL GUARTI GAUGE AND
CAPACITANCE SAUDES RESPECTIVELY. CONVERSIONS AND CALCULATIONS
ARE PERFORNED AND 4 PRINTOUT IS PROVIDED.

PRESStVERSION 81 9/4/79
ANTHONY N. POPOVICZ

SUBSROUTINE PRESS

DIRENSION ILOABCA),IDUN(A},IDATAL4]} DATALL)
ILOAD(1)u"13

1L0AB(2)="3411

ILOAB(])="4001

ILOAD(4)e"3401

IDUN(1)="214

IDUN(2)~“3410

IBUN(E)="4200

1DUN(4)=" 34600

3 3 1vt,4

CALL JPOKE("172000,IL0AD(]I))
ITEST=IPEEK("177008)

IF (ITERT.EQ.IBUNCE)) 80 TO 39

IF (ITEST.ET.IDUM(I)) 80 YO 2§

68 70 13

TYPE 11,1,IL0AN(])

FORNAT(//710,” READ PROBLEN ON CYCLE= “,11,2X,“A/B LOAD= 7 ,04)
80 70 9999

JoIPEEK(*177002)

IDATALI)=)

IBATALII=IBATALI)="170000
BATA(L)=FLOAT(IDATACI))

CONT INUE

DATAC1)=DATA(1)920.000/00%4.0

DATAL1)n287 . 16~40,.3100DATAL1 104,221 (DATA(1)982)=0.674830(DATA(T)

] .‘3’ -273. l’

BATAC(2)uBATAL2)9100.8/4094.0
BDATAL2)=DATA(2)01000.0
DATA(2)w{=0. 17284E-13)0BATA(2) 003+ (0. 14837E-08)9DATA(2)942+(0.1523
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JSE-01)sDATAL2)
BATA(3)sDATA(3)9100,0/4096.0
PATA(4)=BATA(4)0100.,0/4096.0
TYPE 21,DATA1), DATA(2) ,DATA(S) ,BATA(4)

21 FORBAT(//T10, TSN °,F10.3,2X,/BE8-C’,5X, PS00s /,F13.3,2X, TOR
&7, 81,7 4PC8n 7 F10.3,2%, XSCALE TORR-,5%,”~PL8e’,F10.3,2X,” XSCALE
. TORR/7/T18,° DO YOU VANT ANOTHER READ T “$)
ACCEPT 12,1N0RE

12 FORMAT(I1)
IF (INORE.EQ.1) 80 TO §

7999 CONTINVE

RETURN
T
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CRYPTIC/INSTR: SUBROUTIRE 810

THIE BOUTINE PRINTS QUT THNE OPERATING INSTRUCTIONS FOR

CRYPTIC AS UELL AS ACCEPTS RUN IBENTIFICATION INFORMATION FRON
TME OPERATOR AT THE KEVBOARD. IT ALSO PERFORNS SONE NECESSARY

INITIALIZATIONS. 1T THEREFORE 18 CALLED OUCE AUTOMATICALLY AS

S00N AS CRYPTIC I8 LOADED ANB RUN. INSTR CAN DE CALLED DY kDO

AT ANY TINE THE OPERATOR DESIRES.

INSTR:VERSION 81 8/21/7%
ANTHONY M. POPOUICY

SUBROUTINE INSTR
TYPE 104

101 FORNAT(//T10° NB: I=YES] OsNO‘//T10° PRINT INSTR(IVIT’S)
ACCEPT 102,10aNT

102 FORMAT(11)

IF (IUANT.EQ.0) B0 TO §
TIPE 111 '

111 FORMAT(“1-710,”SYSTEN OPERATING INSTRUCTIONS:-//T13° THE WAIN
+(KDA) ALLOMS DETERNINATION BY THE OPERATOR THE EXECUTION OF THE
-DESIRED SUBROUTINE-//T14° SUBRISTCAR(CODE=1) MEASURES COMPOMENT
«TENPERATURES USING TC-8///116,° SUBRISRTAR(CODE=2) NEASURES CONP
+ONENT TENPERATURES USING RI-8//T1é,’ SUDRIsHANAN(COBE=3) ALLOUS
~THE SPERATOR T8 ADJUST THE MEATERS FROM THE KEYBOARD//T14,”
+SUBRASHAUTO(CODE=4) NEATER ABJUST IS BONE UNDER PROGRAN CONTROL
+(HAUTO USES TCAR OR RTAR)‘//T14y° SUBRI=PTIN(CODE=3) ACCEPTS
~CONSOLE INPUT OF TME PRECISION TENP/PRESS DATA. THIR BATA 18 RENC
«£B AND STORED’//T14,* SUBRISNUTEN(COBE=S) HEANS DY UHICH THE
+OPERATOR CAN SET THE NEU DESIRED TENPERATURE//T14,” SUBRZ=INPUT
«(CODE=7) ACCEPTS INPUT DATA,THAT 15, THE OPERATING PARANETERS AND
+LCONSTANTS’//714,° SUDRS=DRUNP(CODE=S) PRINTS OUT ANB URITES 10
<DISK THE PRECISION BATA’//T14,” SUBRYSPRESS(CODE=T) READS 808 AND
-C8 PRESSURER‘//T14,° SUBRIOINSTRICODE=10) PRINTS OQUT OPERATING
<JNSTRUCTIONS ,ACCEPTS RUN ID INFORMATION AND PERFORMS SONE INITIALI
+ZATIONB(POUER TO NEATERS SET TO ZERO POMER)‘//Tié,” SUBR!1s(ONVIC
-00E=11) CONVERTS KEYBOARD 1NPUT OF SENSOR SIONAL VALUES TO TEWP AN
<D PRESSURE DATA//T14,’ SUBRI2=EXIT(CODE=12) ALLOWS USER TO TERNI
+HATE TNE BWN.’)

TYPE 120
121 FORMAS(“$7/1/7111/780,° veasassausssstesessd’//T34,” ROUTESCODE’
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o//188,7 TCAK=  T7771S5,7 RIM “27//134,7 WANARG  37//734

op” NAUTEs  47/7/735,7 PTIN=  $7/7/7S4,NUTENs  §7//T34,° 1NPUT
o 2777734, DUNPe  B°//TSA,C PRESS=  9°//T34,7 1INSTRe10°//
188, COMVe 117/7/735, EXITe (27//T30’ 050assessttanienss

/7735, WOTE: OsNO AND 1sYES’)
S TYPL 131

131 FORMATCZ17//718,° WANT TO INPUT RUN ID INFORMATION(INT ‘8)
ACCEPT 112,1UANT

112 FORNAT(31)
IF (IUANT.ES.0) 80 TO 23
TYPE 141

141 FORNAT(”1°//720,,° RUN 3D 8= ‘%)
ACCEPT 122

122 FORMAT(20H RUN IDS GOES WERE )
TYPE 131

151 FORMAT(//T20,% DATL = ’$)
ACCEPT 122

132 FORNAT(20H DATE GOLS MERE )
TOL 141

161 FORNAT(//T20,° OPERATOR © “$)
ACCEPT 142

142 FORMAT(23H OPERATOR WANE S0ES NERE )
TYPE 171

171 FORMAT(//720, SANPLE ID = ‘¢)
ACCEPT 152

152 FORMAT(I3M SANPLE 1B SOES NERE )
TIPE 191

181 FORMAT(//720,% SANPLE PORTY = “$)
ACCEPT 142

162 FORMAT(ISN SANPLE PORT 1D GOES NERE )
TIPE 194

191 FORMAT(//T20,” SANPLE PORTE2 = “$)
ACCEPT 142
TYE 201

201 FORMAT(//T20,” SANPLE PORTES = ‘$)
ACCEPT 142
TYOL 211

211 FORMAT(//T20,” SANPLE PORTE4 = “$)
ACCEPY 142
TYPE 221

221 FORMAT(//TS,” COMNNENT(100CHAR)S“$)
ACCEPT 202

202 FORMAT (100M COMNENT GOES

+HERE )
25 CaLL IPOKE("127000,%0)
CALL IPOKE(™170440,%4000)
CALL IPOKE("570442,"4000)
CALL IPOKE(®170444,"4000)
CALL IPUKE("170444,"4000)
CALL 1POKE(*170450,"4004)
CALL IPOKE(“170432,"4000)
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CALL 1PUNE(TT70484,"4008)
CALL IPOME( 170434, "4000)
TYPE 231

231 FORMAT(//T10,” NAS INPUT DATA DEEN SPECIFIED AS OF YET(11) T ‘9)
ACCEPY 212, IVES

212 FRRMAT(I1)
IF (1VEs.£0.1) @0 T 13
CALL IaPuT

13 CONTIMUE
RE TURN
END
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CRYPTIC/CONV: SUBROUTINE 811

THIS ROUTINE CONVERTS INPUT FRON TNE CONSOLE TERNINAL FROM
ANALOS TO PHYBICAL DATA. THAT IS VOLTAGE,RESISTANCE AND
CRUNTER READINGS T PHYSICALLY SIGNIFICANT VALUES OF PRESSURE
M3 TENPERATURE.

CONVIVERSION 81 9/3/7¢
ANTNONY M. POPBNICZ

SUBRCUTINE COWY
TE 1
Y FORMAT(/7/7710,° THERNOCOUPLE INPUT: CODE=1 “//T18,” RESISTANCE
«THERNONETER INPUT: CODE=2 “//T10,° PAESSURE SENSOR INPUT: CODEs]
o77T10,° RETURN TO KBG: CODE=0-//T16,” NOTE INPUT LISY BIR‘///
710, COMEe ‘8)
S ACCEPY 2,1C8M¢
2 FORNAT(11)
a¢ 70 (1%,23,33),1C0DE
a0 T0 999Y
13 TYPE 10
11 FORNATC//T10,° VBNHe ‘$)
ACCEPT o,V
Te287.16-40.5100004,.22510V802-0. 47 48390043-273 . 13
TIPE 21,1

21 FORNAT(//T10,” THie 7, F10.3)

THE 34

31 FORNAT{//T48,” W.8s “4)

ACCEPT o,V
T2206.25-39.72019V04,004%0V202-0, 43301 9V+43-273 . 1§
TYIPE 41,7

41 FORMAT(//T10,” TiLS+ 7 F18.0)

TPE 81

31 FORMAT(//TI0,* WRSs %)

ACCEPTY o ¥
Ta2B9.50-44. 1409944, 91150V002-0, 404 J19V023- 273,18
TIPE 41,0

41 FORMAT(//7T10,” TRE= “,F10.3)

TYPE N

71 FORMATLZ/7T18,” WIS= ‘%)

ACCEPT o,V
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TATHE.VI-RZ. 7019V44 . 097 40V002~0 . 73749004 3-273 .13
TYPE 81,7

81 FORMAT(//710,° TuSe “,F10.3)
1YPE 91

1 FORNATI//T10,’ VASs “8)
ACCEPT o0
12282.76-42,.5830V44 . §9399V002-0, 49291 Wee3-273 .18
TYPE 101,

101 FORMAT(//T10,7 TASs 7 Fi0.D)
Pt 111

111 FORMATC//T10, W.Ce “$)
ACCEPT »,%
12298.37-47 .81 70045 ,927 3000020 . 7809900V083-27] .15
Yl 121,3

121 FORMAT(//T18,” TLEs “,F10.3)
TYPE 131

131 PORMAT(//T10,7 WICs ‘D)
ACCEPT o,V .
T2294.34-47 .46245V43 ,837690902-0 ., 7781 405 ]-27] . 19
TYPL 141,

141 FORNAT(//T10,7 TUCe “,F10.3)
80 7T3

25 TYME 151

131 FORRAT(//T10,” RSH» “9)
ACCEPT o,R
T83.3338/R434.07042. 20000042, 26 42E-03*Re92-3 ,0294E~04R923-273 .15
TYPE 141,7

161 FORNATC//7710,7 TN “,Fi1.4)
YPE 171

171 FORMATC//T10,° RLSs ‘$)
ACCEPT o,R
T82.0528/R+30.946302.27420R+1 . 4939E-03oR022-3. 0294 -0éoR94]3-273. 138
TYPE 181,7

181 FORMAT(//T10,7 Ti8e /,F11.4)
TYPE 1M :

191 FORMATC//T18, RRSe ‘%)
ACCEPT o,R
T=3.7408/R030.003+2.247190+42.2929€~01eR032~4. 1824 -04oRe0]-27]. 1S
TYPE 201,%

201 FORNATL//7T10, TRS» / ,Fi11.4)
TYPE 211

211 FORNATL//T10,7 RUS= ‘%)
ACCEPT s,R
Tud 47091 /R431.33442. 20890042 . 05735030090 2-] . 70378 ~040R®03-273 .19
TYPE 221,3

221 FORNATL//7110,7 Tus= /,Fi1.4)
TYPE 231

231 FORNAT(//T10,” RAB= ‘%)
ACCEPT ¢,
:-:il; 1./?031 +83442,243520R42, 1333 ~0JoRe82-4. 101 E-S40R923-27]. 19

Y 41,



FL )

PORRATL/7110,”
TS

33 TYE 23Y

a4
N

m
m

3ot
1

321
”"ee

FORMAT(//T16,”
ACCEPT ,8
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TASs *,F11,.4)

s0g(Cni= “¢)

Pu=0,192548- 130009340, 140578 -0000962¢0, 15233E-0100

TYPE 241,0
FORNAT(//T10,’
TIeE 224
FORMAT(//T10,”
ACCEPT o,8,8
Padess10.008
TPE 280,
FORMAT(//T16,”
TVeE 291
FORNAT(//T18,°
ACCEPT +,0,8
Pude8010.000
TYPE 301
FORMAT(//T10,°
TIL 318
FORMAT(//T10,”
ACCEPT ¢,0,8
Page8s10.000
TYPE 321,P
FORNAT(//T10,°
6 10 S
CONTIME

RE TURN

END

?800s ‘,Fi1.4)
P31 ,8CALEe ‘)

Wit= 7, F11.5)
W21,8CALE= ‘8)

w2= 7, F11.5)
PP11,8CALE= “Y)

Wiis ‘,Fit.5)



- 224 -

Listing of P9042DQ
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C THIS IS A VARIATION OF 9042 PROGRAM FOR OBTAINING THE DIFFERENTIAL EFFECTS IN
C FREQUENCIES, LN(S/S)F FOR GAS DR L1Q PHABE, AND LN(FC/FG), DUE TO A CHANGE IN
C F-NATRIX OF BAS OR LIGUIB, UP TO 24 F-RATRIX ELENENYS MAY DE CHANGED

C SINULTANEQOUSLY IN EACH PHASE. INPUT BETS MAY DE STACKED TO PROCESS AS MANY

C DIFFERENTIAL EFFECYS AS NEEDED. ONLY ONE REFERENCE 3 UP TO TUO NON-REFERENCE

C ISOTOPES ARE ALLOVED FOR EACH PHASE.

c THE ENTIRE NAIN PROGRAK DETVEEN STATEMENT ND. 90 AND THE END OF PROGRAN

c I8 REPEATED FOR EVERY 1BDTOPIC SPECIES.

C so¢ DRDER OF INPUT:

c 1) 180TOPEt, GAS ,NUNB=1 {sREFERENCE): READ BG(1, , ) & FF(Y, , ,)
c 2) « ., LIG ,MUND=2 t . )t READ B6(2, , ) B FF12, , ,)
c 3) I1SOTOTE2, GAS ,NUNB=3 ¢ READ GG6(3, , !}

c 4} " s LIQ ,NUNB=4 t READ GG(4, , )

» 5) ISOTOPE3, GAS ,MUND=S, IF ANY t READ 6G(S, , )

¢ ) . , L10 ,NUND=s, * 8 READ BG(é, , )

c 7) 1SOTOPEY, 8AS ,NUNB=?,CHANGE IN F IF ANY 3 READ F~CHANGE INFORMATION
c 8) » , L18 ,NUKD=8, - " 3 READ F~CHANGE INFORNATION
c ?) ISOTOPE2, BAS ,NUND=%,

c 10) . , LIO ,NUMBS10,

c 11) ISOTOPE3, GAS ,NUNB=11,

c 12) . , LIO ,NUNB=12,

c 13) 1S80TOPE1, BAS ,NUMB=13,CHANGE IN F IF ANY: READ F-CHANGE INFORMATION
¢ 14) " , LIQ ,NUND=14, . " t READ F-CHANGE INFORMATION
C 15)

INPLICIT REAL®S (A-H,0-2)

DIMNENSION 66¢é,18,18),FF(2,18,18),0¢(18,18),F(18,18),u(18,18),
19v¢18),T(10) ,RECORD(80),MRD(170) ,NCO(170) ,NFO(170),2(170),
2FI1(120),FJ(170),NROUG(4) ,NCOLB(4) ,DATING(4) ,NRL(170),NCLC170),
INFLC170),2L€170),FILCY70) ,MREC170) NCB(170),NFG(170),26¢(170),
4F18(170),17(24),A¢18,19),DG(18),DD(18),H(18,18),0(18,18),FNEU(24)

CALL ERRSET (207,254,-1,0)

CALL ERRSEY (208,511,-1,0)

C READ SLOBAL INFORMATION FOR PRESENT MOLECULE. “MOLECULEB™ ARE DIFFERENT IF
C DIFFERENT 1SO0TOPIC SPECIES, DIFFERENT PHASE, AND DIFFERENT F-NATRIX. STACK

C AS NANY NOLECULES AS NEEDED, EXCEPT THAT THE TOTAL NUMBER MUST DE AN INTEGER
C MULTIPLE OF 4 OR 4

c 1MD=-09 3 THE PROGRAN CALLS EXIT OTHMERUISE. PUT ONE BDLANK CARD AT THE END
c OF INPUT DECK.

c NUND s BERIAL MOLECULE WUNDER. SEE EXANPLES.

c Ng s MUNBER OF INTERNAL COORDINATES USED FOR F- § 6-NATRICES

c WRED t ND. OF REDUNDANT CODRDIMATES INCLUDES IN MO.



c
c
c
c
¢
c
c
c
c
c
c
c
c
C
C
C
v
c
c
c
90
3001
»
c
c
C

L L]l

IF§ 8

]

]
NF 3
NOZ H
L 141 ]
NODE 3
KIND ]
TTIIITIIY

- 226 -

n2 IF STANDARD F-NATRIX, AND IF G-MATRIX IHPU1 18 PRDVIDED

o1 IF . *  , WY NO .

=0 IF F-BATRIX 1§ YD BE HGDIFIEB.

NUNBER OF ELEMENTS IN FI-NATRIX. THIS AND NOZ ARE SIGNIFICANT 8

NEEDED DNLY UHEN NUNDB*1 OR 2.

MUNBER OF ELENENTS IN Z-NATRIX.

MUMDER OF FI-NATRIX ELEMENTS TO BE CHANBED SIMULTANECUSLY. THIS

AND MODE DELOU ARE SISNIFICANT & NEEDED ONLY WHEN

NUND 1§ MOT 1 OR 2 AND IF KIND=1.

s0 IF A CHANGE OF +1I IS IMPOSED OM EVERY F-NATRIX ELEMENT
NODIFIED

=1 IF A CHANGE OF +0.1 NDYN/A 1S INPOSED ON EVERY ELENMENT
MODIFIED

=2 IF EACH CHANGE IS BY +0,.01 HDYN/A.

a3 JF EACH CHANGE If DY +0.001 WNDYN/A,

=4 IF NON-STANDARD CHANGES ARE MADE. THEN, FNEU INPUT 1§ NEEDED.

8] IF REFERENCE-GAS OR REFERENCE-LIQ MOLECULE.

22 1Ff NON-REFERENCE MOLECULE USING THE STANDARD F-NATRIX.

3 IF NON-REFERENCE MOLECULE USING A MOBIFIED F-MATRIX.

FOR FURTHER DISTINCTION AMONG KINDS, SEE "SUNNARY"™ DELOV.

READ(3,5001) IND,NUNE,NQ,NRED,IFS,NF,NOZ,NIT,KIND,NGTEN,MODE,NCT
FORMAT(12I3)

SR REENR LSRN ERNNRRRL CHRENNRERRERSRNEN S BB IS CASHER SR NRRE SR EEED

SUNNARY OF TYPICAL SLOBAL INPUT (FOR 2 NON-REFERENCE MOLECULES) FOLLDWS:

DESCRIPTION OF MOLECULE NUND IFE KIND READ CALCULATE  SAVE PRINTOUT

c

c

c BTAHB-F,REFE!EHCE 6AS 2 1 6,F,7 FREG FREQ F

c *  ,LIQ 2 2 1 G,F FREQ FREQ F

c 180TOPE- l.BAS 3 2 26 FREQ,RPFR FREQ,RPFR NOMNE

C " oL10 4 2 26 FREQ,RPFR FREQ,RPFR FREQ(G,B)
c LN(FC/F8) FREO(L‘,L}
£ DFREG(ISOTOPE
c yPHASE }
c RPFR(G,L,D)
c * 1S0TOPE-D,6AS s 2 26 FREQ,RPFR FREG,RPFR NONE

c . . oL10 &6 2 26 FREQ,RPFR FRED RPFR SAME AS FOR
c LELFC/FR) 180TOPE-A
c HUD'D-F,IEFEIEIC! BAS 710 1 IT  FREQ FREQ CHANGE IN F
c " Lig 8 1/0 1 IT  FREQ FRED . .
c . I1S0TOPE=-A,BAS /0 3 NDNE lLL+!IFF. ALL¢DIFF, NONE

c . . ,L!l 10 170 3 " . ALL+DIFF

c . I1S0TOPE-D,04A8 11 /0 3 * . " NONE

c . ¢ oLI0 12 1/¢ 3 " * * ALL+DIFF

c

c

NOTES:oALL NEANS ALL ITEMS APPEARING FOR CORRESPONDING SPECIES IN STAND-F



noaOonnoD

”
100
35002

600t
163
104

105

1o

112

s000
13
3003
113

117
e
1"y

120

122
130
133
5004

3005
134
137
138

140
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sDIFF WEANS DIFFERENCE, WODIFIED-F NINUS STANDARD-F
oONE OR BOTH IFS’S FOR GAS & L10 IN MODIFIED-F CAN BE 1. REPEAT PATTERN
OF IFS USED FOR REF FOR ALL OTHER IBOTOPIC MOLECULES, E.6.,IF IFS=1 3 ©
FOR REF BAS & LIG, USE 1f=1 & © FOR IBOTOPE-A & -B ALSO.
SOSAPNRS SR ISEE SRR PEFININENIRIR SRS RSOSSN IR RO ER SR RSN ER ENEN P 0N
IF(IND.EQ.~%) BD TO 100
CALL EXIT
READ(S,3002)(RECORD(1),I=1,18)
FORNAT (9AS/94A8)
URITE(4,4001)(RECORD(]),I=1,10)
FORNAT(IH1,/5X,%A8,/)
IF(If§.E0.2) GOTO 110
HP=NCT
PG 105 Is=1,ND
B0 105 J=1,H0
8(1,J)=8G(NP,1,J)
80 TO0 130
CONTINUE
b0 112 Ist, NG
B0 112 J=1,40
GG (NUMB,I,J)=0,0D0
6(1,J)=0,0D0
READ(5,5000) (RECOREB(I),I=1,9)
FORNAT(TAD)
READ(S,5003)(NROVG(L),NCOLG(L) ,DATING(L),L=1,3)}
FORNAT(3(213,E18.7))
PO 120 L=1,3
IF(NROUG(L)) 122,610,117
IFCNCOLBC(L)-NRONG(L))S10,118,118
IF(NB-NCOLG(L)) 410,119,119
I=NROVG(L)
JeNCDLE{L)
G(1,J)sBATING(L)
6(J,1)=B(I, N
BG(NUMD,I1,J)=E(],J)
GG(NUND,J,1)=8(],J)
&0 T0 113
IFC1eNROUG(L) )410,130,610
IF(NUNB-3)135,1460,140
READ(S,5004)(NROCI),NCO(Y) ,NFD(I),2(1),]I=1,NOZ)
FORMNAT(A{313,F%.4))
READ(S,3005)(FI(K) ,K=1,NF)
FORNAT(4F12.4)
D0 138 Kei,N0Z
IF(NQ-NCO(K) 615,136,134
IF(NCO(K)-NRO(K))615,137,137
IF(NF-NFD(K))415,138,128
CONTINUE
IF(HUND.ED.3) GOTOD 190
30 141 3=1,002
NRL(I)=NRO(I)



14}
142

13
132

160
141
162
143

166

167
168
147

N
172

173
174
175
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WCL1)aNCO(1)

NFLCT)eNFOLT)

IL(I)=2(1)

B0 142 I=1,¥F

FILC(I)=FI(I)

LG=2

80 TO 300

LGs1

DO 151 I»1,N0Z

NRG(I)=NRO(I)

NCB(I)=NCO(D)

NFG(I)eNFOLI)

26(1)=2(1)

DO 152 Is=1,NF

FIG(I)aFI(])

IF (NOTEN.ER.0) GO TO 300
READ(S,5008) (T¢1), I=1,NOTEN)
FORNAT (9F8.2)
WRITE(6,5006) (T¢1), =1 ,NOTEN)
§0 10 300

IF(KIND.EQ.1) GODTO 164

IF (NUNB.EG. (NUNDB/2)%2) 6OTO 145
LG=1

GOTO 320

LG=2

6070 320

IF(NIT.EQ.0) 60 TO 16!
READ(S,5001) (1T¢I), Int ,NIT)
IF (NDDE.NE.4) BOTD 179
READ(5,5005) (FNEW(I),1=1,NIT)
IF (NUNB.EG. (NUNB/2)92) GO TO 168
BD 147 Is1,NIT

JeIT(l)

FIG(J)=FNEW(I)

80 10 179

BO 149 Ia1,NIT

JaIT(I)

FILCJ)SFNEU(T)

1F (NUND.EQ. (NUNB/2)92) GDTD 175
Le=1

20 173 Is1,N02

NRO{I)=NRE (1)

NCO(I)eNLB(1)

NFO(I)SNFE(])

2(1)=28L1)

DO 174 Isi,NF

FI(1eFIG(D)

80 TO 180

L2

50 176 I=1,ND2
MRO(I)*NRL(])



176

127
180

190

1935
300

310

6004
4005

312
6004

é
6007
313
320

325
340

3142
343

345
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NCOCI)eNCLLT)
NFO(T)=NFL(I)
2(1)sIL(1)

20 177 I=1,NF
FILDOFIL(D)
IF(IFS.NE.C) BO TO 300
IF (MODE.SE.1) GO TO 190
DO 105 1=1,MIT

J=IT(I)
FI(J)eF1(J)1,01D0 .

80 TC 300

B0 195 1=1,NIT

JeIT(I)

N=-NODE
FICJISF1(J)410.D00N
CONTINUE

20 305 Is1,M0

30 305 J=1,NQ
FF(LS,1,J)=0.0D0

DO 310 K=1,NOZ
TeNCO(K)

JNRO (K )

NeNFO(K}
FF(LS,1,J)aFF{LG,1,0)+Z(K)SFI(N)
FFILG,J,1)sFFILE,1,d)
1IF (NUMB.EQ.2) 60 TO &
IF(NUNB.NE.1) 80TO 320
URITE(4,6004)

FORWAT(1HO, "STANDARD F-NATRIX FOR GAS:”)
WRITE(4,6005)

FORNAT{1HO,” 1 2

1 3 é ?
2107}

B0 312 I=1,N@

URITEC4,6006) (FF(1,1,J),J51,00)
FORNAT (9X, 10F12.6)
60 T0 320
URITE(6,4007)
FORMAT (1HO,“STANDARD F-MATRIX FOR L1G1°)
URITE (4,4003)

B0 315 Is1,M0

URITE(4,6006) (FF(2,1,J),J%1,0Q)

30 325 Isi,N0

B0 325 Js1, M0

F(1,J)nFF(L8,1,J)

WR1=0

1E6EN=0

CALL HDIAG(S,NG,TEGEN,A,NK1)

50 350 J=1,NQ

1F (0.0005D0-6(J,4))347,345,345
P6(J)=0,000
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80 TO 349
347 DECJI®R(J, )
349 D0 350 I=1,NQ
350 U(1,J)%A(1,J)*BSORT(DGIN)
390 D0 400 J=t,NQ
D0 395 L=1,M8
PD(L)=0.000
DO 395 Ksi,NQ
395 DD(L)=DD(L)*F(L,K)sU(K,J)
DO 400 I=1,N0Q
H(I,J)=0.0D0
DO 400 Me1,N@
400 W(1,J)0H(1,J)4UK, T)#BD(N)
402 WReD
1EGEN=0
404 CALL HDIAG(H,NQ,1EBEN,C,NR)
406 DO 408 I=1,MQ
408 DV(1)=DSORT(DABS(H(I,1)/5.88852D-7))
CALL THERN (NG,NRED,DV,KIND,NUND,IFS,LE,T,NOTEN,NCT,IT,NODE,NIT,
1FNEV)
80 TO 90
410 URITE(4,4002) NROUGIL) ,NCOLG(L),DATING(L)
4002 FORWAT(1HO,” G-NATRIX ERROR. THE CARD READS *,213,F12.6)
80 T0 95
615 URITE(4,6003) KRO(K),NCOCK),NFO(K),Z(K)
6003 FORMAT(1HO,” Z-NATRIX ERROR. THE CARD READS /,213,F12.6)
60 TD 75
EXD
SUDROUTINE HDIAG (M, N, IEGEN,U,NR)
INPLICIT REAL®8 (A-H,0-2)
CHDIAGNIHDIZ, FORTAN II DIAGONALIZATION OF A REAL SYNMETRIC MATRIX BY
THE JACODI WETHOD.
CALLING SEQUENCE FOR DIABONALIZATION
CALL MDIAG( W, N, IEGEN, U, NR)
UMERE N I8 THE ARRAY TO DE DIABONALIZEBD.
N I THE ORBER OF THE NATRIX, W.
JEGEN WUST BE SET UNEQUAL TO ZERD IF ONLY EIGENVALUES ARE 10 DE
CONPUTED.
IEGEN NUST BE SET EQUAL YO ZERD IF EIGENVALUES AND EIGENVECTORS
ARE TO BE CONPUTED.
U I THE UNITARY NATRIX USED FOR FORMATION OF THE EIGENVECTORS.
NR IS THE NUMDER OF ROTATIONS.
& DIMENSION STATENENT MUST DE INSERTED IN THE SUDROUTINE.
DINENSION W(M, M), U(N,N), XN}, JO(N)
CONPUTER NUST OPERATE IN FLOATING TRAP NODE
THE SUDROUTIME OPERATES ONLY ON THE ELENENTS OF # THAT ARE TO THE
RIGHT OF THE MAIN DIAGONAL. THUS, ONLY A TRIANGULAR
SECTION NEED BE STORED IN THE ARRAY M.
DINENSION H(1B,18),U(18,19),X(18),10(18)
IF CIEBEN) 15,10,15
10 B0 14 Is1,N

OO OnNOAnNDOOOn



ao0e

0

1"
12

14
13

17

20
30

40
as
0

70

80
90

100
110

148
130
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B0 14 Jei,N

IFLI-d)12,11,12

Uil,)=1.000

80 70 14

Uil,d)=0.000

CORTINUE

MR =0

1IF (N-1) 1000,1000,17

SCAN FOR LARGEST OFF DIAGONAL ELEMENT IN EACH ROV
X{I) CONTAINS LARGEST ELEMENT IN ITH ROV

18(1) NOLDS SECOND BUDSCRIPT DEFINING POSITIDN OF ELEMENT
NNX1=p-1

B0 30 I=1,NNI1

X1) = 0.000

1PLI=]4)

BB 30 J=IPL1,N

IF(X(I)-DADS( H(1,J))) 20,20,30

KC(1)uDABS(H{I,4})

10(1)=y

CONTINUE

SET INDICATOR FOR-SKUT-OFF ,RAP=2¢¢-27 NR=NO.OF ROTATIONS
RAP=7.430380574D-9

HDTEBT=1.0D38

FIND MAXINUN OF X(I) § FOR PIVOT ELEMENT AND

TEST FOR END OF PRODLEM

B0 70 1=t,NNI1

IF (1-1) 60,460,45

IF(XNAX-XL])) 40,70,70

XNAX=XL])

IPIVs]

JPIVsIALI)

CONTINUE

1S WAX. X{I) EQUAL TD 2ERC, IF LESS THAN HDTEST,REVISE HDTEST
IF (XMAX) 1000,1000,80

IF ¢ WBTEST) 90,90,85

IF (XNAX - KDTEST) 90,90,148

HDININ = DABE ( M (1,1) )

B0 110 1s=2,N

IF (HDIMIN ~ DADS ( W (I,I))) 110,110,100
HDININ=DADE (N(I, 1))

CONTINUE

HPTEST=HDININORAP

RETURN IF RAX.H{1,JILESS THAN(2¢#-27)DABS(H(K,K)-NIN)
IF (HDTEST-XNAX) 148,1000,1000

NR= NR+Y

CONPUTE TANGENT, SINE AND COSINE,H(I,I1),H(J,J)
TANG=DSIGN(2,0D0, (KCIPIV, IPIVI-H{JPIV,JPIV)) )oH(IPIV,JPIV}/(DADS(N
CIPIV, IPIVI-H{JPIV,JPIV) ) +DSARTCINCIPIV, IPIV)=HIJPIV,JPIV) )ee24
24.0D0sH(IPIV,JPIV)es2) )
COSINE=1.0D0/DSART(1.0D0+TANGs2)

SINE=TANGSCOSINE



192

200
210
rhl
240
230

300
320
330

370

300
370
400
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WITeHCIPIV,IPIV)
WCIPIV,IPIV)SCOSINESS26 (HIT+TANGS (2,0DOSK(IPIV,JPIV)+TANGSH(JIPIY,
1JPIV)))

H(JPIV, JPIV)=COSINEs#2% (H(JPIV, JPIV)-TANG® (2,0D00H (IPIV, JPIV)-TANG
16K11))

NCIPIV,JPIV)=0.0D0

PSEUDD RANK THE EIGENVALUES

ADJUST SINE AND COS FOR CONPUTATION OF H(IK) AND U(IK)
IF ¢ MCIPIV,IPIV) = HCJPIV,JPIV)) 152,153,153
HTENP = N(IPIV,IPIV)

HCIPIV,IPIV) & H(JPIV,JPIV)

H(JPIV,JPIV) sHTEMP

RECONPUTE SINE AND COS

HTENP = DSIGN (1.0D0, ~SINE) & COSINE

COSINE =DADS (BIND)

SINE =HTENP

CONTINUE

INSPECT THE I0S DETWEEN I+41 AND M-1 TO DETERMINE
UHETHER A NEU MAXIUN VALUE SMOULD BE CONPUTE  SINCE
THE PRESENT NAXINUN IS IN-THE I OR J ROV.

D0 350 Is1,NMIY

1F(1-1PIV)210,350,200

IF (I-JPIV) 210,350,210

IF(I8(I)-1PIV) 230,240,230

IF(10(1)-JPIV) 350,240,350

K=10(I)

HTENP=H(],K)

H(I,K)s0.0D0

IPL1=]¢1

X(I) =,0D0

SEARCH IN DEPLETED ROV FOR NEU NAXINUN

B0 320 JeIPL1,N

IF ¢ X(I) -DABS( N(I,J4)) ) 300,300,320

X(I) = DABS(N(1,J))

10¢1)s)

CONTINUE

WO, K)SHTENP

CONTINUE

X(IPIV) =0.000

X(JPIV) =0,000

CHANGE THE ORDER ELEWENTS OF H

B0 530 Is1,N

IF (I-1PIV) 370,530,420

HTENP » H(1,IPIV)

N(I,IPIV)e COSINESHTENP ¢ SINESH(1,JPIV)

IF ( X(3) - DABB( M(1,IPIV)) )380,390,390

X(I) = PABS(H(I,IPIV))

10(1) = 3PIV

R(I,JPIV) = = SINESHTENP + COSINESH(I,JPIV)

IF ¢ X(I) = DABS ¢ N(I,JPIV)) ) 400,530,530

X¢I) = DABS(H(I,JPIV))



10(1) = JPIV
80 T0 530
420 IF(1-JPIV) 430,530,480
430 WTENP = NOIPIV,I)
NCIPIV,1) = COSINESHTENP ¢ SINESH(I,JPIV)
IF ¢ XCIPIV) - DADS(NCIPIV,I)) ) 440,450,450
440 XCIPIV) = DADS(N(IPIV,I))
10(IPIV) = I _
450 HCI,JPIV) = ~ SINESHTENP ¢ COBINESH(I,JPIV)
IF (X(I) - DABE( H(I,JPIV)) ) 400,530,530
480 NTEWP = WCIPIV,D)
H(IPIV,1) » COSIMESHTENP ¢ SINESH(JPIV,I)
IF ¢ XCIPIV) - DABS( H(IPIV,1)) ) 490,500,500
490 XCIPIV) = DABS(HCIPIV,D))
10CIPIV) = 1
500 W(JPIV,1) = - SINEOHTENP ¢ COSINESH(JPIV,I)
IF ( X(JPIV) - DADS( W(JPIV,I)) 1510,530,530
$10 X(JPIV) = DADS(KIJPIV,1))
10(JPIV) = |
530 CONTINUE
c TEST FOR CONPUTATION OF EIGENVECTORS
IF (IEGEN) 40,540,40
540 DO 550 Isi,N
HTENP=U(1,IPIV)
UCI,1PIV)mCOSINESHTENP+SINESU(T, JPIV)
850 U(I,JPIV)n ~GINESHTENP+COSINESUCI,JPIV)
80 TO 40
1000 RETURN
END
SUDROUTINE TRANS (AX,DX,CINT,CX,N)
INPLICET REALSS (A-H,0-2)
DINENSION AX(18,18),BX(18,18),CINT(18,18),CX(18,18)
1005 Ist,N
30 S Jui,N
CINT(1,J)=0.0D0
DO 5 Kei N
CINT(I,J)eCINT(I, ) +AX(T,K)oBX(J,K)
50 12 Is1,N
D0 12 Jef,N
€X(1,J)=0,0D0
D0 10 Kei,N
10 CX(1,J05CX(T,J)¢BXCT,K)SCINT(K, )
1F(0.00005-DABS(CX(1,J)1)12,12,11
11 EX(1,J)%0,0D0
12 CONTINUE
13 RETURN
Enp
SUBROUTINE REAR(A,N)
C THIS SUBROUTINE REARRANGES A ONE-DINENSIONAL ARRAY A INTD DESCENDING ORDER.
C ¥ 18 THE WUMBER OF ELEMENTS IN A.
INPLICIT REAL®B (A-H,0-2)

L R
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DINENSION A(18),IT(18),D(18)
30 10 Ist,N
10 IT(1)a0
NC=1
1S DO 20 lst,N
IFCIT(1).EQ.0) 60TO 21
20 CONTINUE
21 C=A(1)

11s}

D0 25 l=1,M

IF(C.GE.A(I)) GOTO 25

IF(1T(1).E0.1) 6OT0 25

CeA(I)

11=1

25 CONTINUE

B(NC)aC

1T¢11)s

NCoNC+ 1

IF(NC.LE.R) BOTO 15

DO 30 I=i,N

30 ACDB(D)

RETURN

END

SUDROUTINE TMERN (NO,NRED,DV,KIND,NUMB,IFS,LG,T,NOTEM,NCT,IT,NODE,
INIT,FHEW)

C THIS IS A 9042D-VERGION OF SUBROUTINE *THERND®. RPFR, 1TS PHASE-DIFFERENCE,
C AND THEIR CHANGES DUE TO CHANGES IN F-NATRICES ARE CDOWPUTED, ALL PRINTOUTS
€ OF PROGRAW 9042D EXCEPT FOR THE ALPHANERICS AND STANDARD F-NATRICES ARE

C DONE IN THIS SUBROUTINE.

IKPLICIT REAL*B (A-H,0-2)

DINENSION DV(18),T(10),DVR(2,18),DVI(2,18),0V6(48,18),Y(2,24},
1¥506,24),01¢18),02¢18),03¢10),D4(18),05(18),D6(18},07¢(18),BE(18),
209(18),010¢10),D11¢10),012¢10),D13(10),B14¢10),1T(24) ,FNEU(24)

NOsNQ-NRED

NN1=NUND-1

CALL REAR(DYV,NG)

IF(KIND.NE.3) 80TO 100

S NP=NCT

NP 1=NP-1

DO 10 Le1,NDTEM

X=0,0D0

50 7 I=1,n0

UR=1.43850DVR(LE,1)/T(L)

UI=1,4385eBV(1)/T(L)

XoX+DLOGCUI/ZUR) ¢ (UR-UT)/2.0D0+BLOGI (1,0D0O-BEXP (~-UR))/(1.0DO-DEXP{
1-U1)))

7 CONTINUE

10 Y{LB,L)eX

11 D0 1S 1s1,8Q

15 DVI(LS,1)sDV(])
1F(L6.EQ.2) 8OO 20
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MeeNp
80 T¢ SO0

20 DD 25 I=1,406
P1{1)=BVR(1,1)-DVR(2,1)
BA(L)eDURI, D) -BVEY, 1)
DS(1)sBVI{1,1)-DVE(NP], 1)
Dé({1)=DVR(2,1)-DVE(2,1)
32(1)=DV1I(2,1)-DVS(NP,]}
PR(I) =R -Dé(])

25 P9(1)=35(1)-p?(1)
NLsHQG+1
B0 30 Is=NL,N0Q
BDé(1)=BVR(2,1)-DV5(2,1)

30 37¢(1)=PV1(2,1)-DVSINP,I)
B0 35 L=1,NOTEN
B3 (L)aY(2,L)-Y(1,L)
DIO(L)=(Y(1,L)=-YS(NPY,L))e1,D2
PITIL)In(Y(2,L)~YS(NP,L))e1,D2
BL2(L)=B11(L)=-D1O(L)
DI3(L)=T{L)eDI(L)
DI(L)=DI{L)*1,D2
B1ALL)=T(L)eD12(L)

35 D12(L)=D12(L)e1.D2

40 MRITE(4,4001)

4001 FORMNAT(1HO,” FREGUENCY (CM-1)
1 REDUCED PARTITION FUNCTION RATIO’)

URITE($,4002)

4002 FORMAT(1X, '==-wsr=ccsscmcncvcncccccrncaen - se——————
I------- ---------- o A e e B A e L L L Tl -y .
2~===")

URITE($,4003)

4003 FORNAT(1X, “ GAS Liguld

1 PRARE-SRIFT’)

WRITE(4,4004)
‘oo‘ FURHHT“X, - -—-e L N

' - - - " LI

MRITE(4,46000)

4005 FORNAT(1X, - REFERENCE 1S0TOPE REFERENCE 1S0TOPE REFE
1RENCE 180T0PE TENP 8AS LIG 100sDIFF  TsD]
2FF)

WRITE(6,6004)
6004 FORMAT(IX, * .- - -
1 -
2====’)
URITE(4,4007)
4007 FORNAT(INO)
DO 43 1=1,M06
45 URITE(6,6008) DVR(1,1),BVI(t,1),DVR(2,1),0V1(2,1),D1(1),D2(])




4008
44
600%

30
010
0
4011

012

1
70

73

100
105

110
115

120
21
013
123
014
130
6013
014

200

- 236 -

FORMAT(1X,6F12.3)

30 46 Is=NL,N0

WRITE(4,4007) DVR(2,1),DVI(2,1)

FORNAT (25X, 2F12.3)

URITE(4,6007)

30 30 Le=1,NOTEN

URITECE,6010) TCL),Y(1,0L),Y(2,L),D34L),Bt3(L)
FORNAT(?3X,F10,2,2F11.5,2F10.4)

URITECH,6011)

FORMAT(1HO,//71X,” EFFECT OF WODIFIED F-MATRIX FOLLOWS:

tVALUES UNDER “CHANGE IN REDUCED PARTITION FUNCTION RATIO" ARE 100+

20CTUAL ) -
WRITE(4,6012)

FORMAT(1HO,” CHNANGE IN FREQUENCY (Ch-1)
! CHANGE IN REDUCED PARTITION FUNCTION RATIO’}

WRITE(4,$002)

WRITE(4,4003)

URITE(4,4004)

WRITE(4,600%)

URITE(4,6006)

URITE($,4007)

PO &5 I=1,M0G

URITE(6,6008) D4(1),B5(1),B6(11,07(1),DE(I),B9(I)
DO 70 JeNL,NQ

URITEC4,6009) Dé(1),D7(1)

WRITE(4,6007)

DO 75 L=1,NOTEN

MRITEC6,6010) TCL),D10(L),DI1(L),B12(L),D14LL)
60 10 500

DO 105 1s1,MQ

DVS (NUNB, 1)sDV(I)

IF(KIND.NE.1) 80 T0 200

50 118 Isi, N0

DUR(LG,I)eDV(])

IF (NUND.LE.2) BOTD 500
IF(L8.EQ.2.AND.IFS.EQ.0) BOTO 125
IF(L6.EQ.1.AND.IF5.EQ.0) 60TO 121

80 T0 500

VRITE(6,6013) NODE

FORNAT(INO,” GAS F-NATRIX DEING WODIFIED: WODE = /,IN)
80 T0 130

WRITE(4,46014) WODE

FORNAT(1H0,” LIQUID F-NATRIX DEING MODIFIED: NQBE = /,I3)
WRITE(4,4015) CITCI),1e1,MIT)

FORNAT(1X,” IT(I) = 7,2013)

IF (NODE.ME.4) 8OTO 500

WRITE(4,4016) (FNEW(I),In1,NIT)

FORNAT(1X,” FNEV(I)® /,SF12.4)

80 TO S00

B0 210 Ls1,NOTEN

X=0.000



- 237 -

20 207 1=1,W
URs1,4385¢DVR(LE,1)/T(L)
UI=1,43856BV(I)/TIL)
XsX+DLOG(UI/UR) ¢ CUR-UT)/2.0D0+DLOGE (1.0DO-BEXP (~UR))/(1,0DO~DEXP(
1=9I)))
207 CONTINUE
210 YSC(NUNB,L)wX
211 D0 215 I=1,HQ
215 DVI(LE,1)sDV{I)
IF(L6.EG.2) 8OTO 220
nao=NQ
NL=NQGe1
60 T0 500
220 B0 225 X=1,M08
P1(I)IsDVR(1,1)-DVR(2,1)
225 D2(I)=DVI(1,1)-DV1(2,1)
D0 235 L=1,NOTEN
D3(L)=YS(NUNB,L)-YS(NNT, L)
PI3(L)sT(LISD3(L)
235 D3I(L)=D3(L)ey,D2
240 URITE(4,6001)
WRITE (6,4002)
WRITE(4,4003)
WRITE(6,4004)
URITE (4,40035)
MRITE(6,4004)
WRITE(4,4007)
DO 245 I=1,MQ6
245 URITE(4,4008) DVRC1,1),DVI(t,1),DVR(2,1),BVI(2,1),01(1),02(1)
DO 244 I=NL,NO
246 WRITE(4,6009) DVR(2,1),BV1(2,D)
URITE(4,4007)
D0 250 L=1,NOTEN
250 WRITE(4,6010) T(L),YS(NNI,L),YS(NUKB,L),DI(L),D13(L)
500 RETURN
(1)



