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Abstract

1 2 C/13C AND H/D VAPOR PRESSURE:

ISOTOPE EFFECTS OF FLUOROFORM:

INTERMOLECULAR INTERACTIONS 

IN LIQUID FLUOROFORM 

BY

Anthony Michael Popowicz 

Advisor: Professor Takanobu Ishlda

A precision cryostat of the Bigelelsen-Brooks-Ribnikar-Ishida (BBIR) 

type with associated vacuum systems has been constructed and the 

appropriate temperature/pressure measurement and control systems designed 

and Implemented. Various 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 control cryostat operations. This apparatus was used to 
12 13measure the C/ C 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 force field, specifically a temperature-dependent inter­

action force constant between the C-ll stretching motion and translational 

motion in the direction of the figure axiB of CHF^. This result is con­

sistent with the observed spectroscopic data and vibrational and con­

figurational models of fluoroform dimers. The lntermolecular interaction 

is believed to be a weak hydrogen-bond In nature.
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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 motions 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 Is therefore the objective of this research to apply the technique 

of VPIE towards elucidating intermolecular forces in liquid trifluoro- 

methane (CHF^).

Ia. VPIE Theory 

In 1961 Jacob Bigeleisen^ formulated the VPIE in terms of the 

reduced partition function ratios of the condensed and gas phase 

molecules:



where

kx - (P'V' - PV)/RT I-(2)

k„ - (B P + -krtP2 + ----) - ( B P  + P2 + -----)’2 o 2 o o 2 o I-(3)

and

k m —  3 RT

V*/ p'av
V

I-(4)

By convention primed quantities always refer to the lighter isotopic 

species under consideration, "c" and Mg" refer to the condensed and 

gas phases, respectively, and the quantity Ms" is the symmetry number 

for the molecule. P and V are the vapor pressure and molar volumes of 

the condensed state, and Bq, Cq , ... are the virial coefficients for 

the gas. The reduced partition function, s/s* f, is defined as

where Q and Q , are the quantum mechanical and classical partition qm cl
functions, respectively, m^ is the mass of the ith atom of an N-atom

reduced in terms of the classical limit. Referring to equation 1, the

gmolecule, -̂ r £ *e thus the ratio of isotopic partition functions

8 8term in — r f - in — r £ is the difference in the quantum mechanical s' c s' g
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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.

The terms k^, an^ ^ 3  are corrections to the VPIE. They account for

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

pressure change from P to P ’, gas non-ideality, and condensed phase
2molar volume isotopic differences, respectively. Typically one finds 

the magnitude of these corrections to the VPIE to be ^ 1Z, ^ 0.12

and k^ ^ 0 .0 1 2 .
Due to the magnitude of most isotope effects ('v* 12) equation 1 can 

be given as

approximations are justified in that errors Introduced are typically on 

the order of 0 . 0 1 2  or less, well within the limits of experimental error. 

Within the framework of the Harmonic Oscillator and Born Oppenhelmer 

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

motions of the molecules are separable

[1 + p <Bo - w>] I-<6 )

where the approximation B^' ■ B, V' “ v. and P.n —  a —— — used and the
1 2  1 2terms t C P - t C P' + ....2 o 2 o and These

V

i )
I-(7)

where u^ “ hcv^/kT. is the ith normal mode harmonic frequency in 
- 1cm
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In the gas phase, translational and rotational motions 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

3N-6 '"'/2 ~u'
£_ f . \  / /V b  \  . „ v  1 /< *-
•’ ■ V  v i b j /  V * W  , . . , -“i \  ’qm ' cl i- 1  e /(1 -e )

I- (8 )

where

3N-6 -u. / 2  -u
CQ,.4k) - n e /(1 -e > I-(9)vib qm i- 1

3N-6
and ( Q ^ b) - n i- I-C10)

cc i- 1  1

It is noted that the energy zero 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 f^ 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 successful, due to the fact that 

configurational and other counting factors in the condensed phase 

partition function are invariant under isotopic substitution, is the
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Simple Cell Model (SCM). 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 

six external modes are subject to a time-independent restoring force. 

Thus within the framework of HOBO approximations and SCM

3N / V 2,,,u e /(1 -e )
r - fc -  " -u.1 /2— =57- •

i- 1  ui'e /(1 -e )

and thus

fc
fg

3N-6
n

i- 1

6
n
i- 1

r w > , . «»pc(ut '-ut)c/2)i
l w ;  ' “ p(<"1'-»1)g/2>j x

/ (l-exp(-u1)c1 
|_(l-exp(-Uj1 )g / (l-expt-Uj) J x

tu^exp(-u^/2 ) / (l-exp(-u1)) "j 
u1 'exp(-u1 '/2 ) / (l-expf-u^^J

Taking the natural log of equation 12 shows that the magnitude and sign

of in f /f is determined by the net contribution of the external c g
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, is determined.
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lb. VPIE Methodology
Even though gas phase spectroscopic data is usually readily

obtainable, information on the condensed phaBe is extremely limited,

especially for liquids. However, the quantity f /f is givenc g
experimentally by equation I-(7). Thus from experimental P'/P and gas
phase spectroscopic data, f 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 f^ is

calculated from 3N frequencies thuB obtained. The calculated f canc
then be compared to the experimentally determined f 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. Also 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 f by the calculation, depends essentially on the 
adequacy of SCM, however, thiB 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-
3 4 5covery of hindered rotation in methane, nitrous oxide and ethylene,

the hindered rotation about the C-C bond in ethane upon condensation,^
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and molecular association in methyl acetylene and nitric oxide. SCM

has also been modified and used to take into account cell occupancies
9by more than one molecule in the VPIE analysis of nitrous oxide and

., .. 10,11 carbon dioxide.

Ic. Previous Investigations on CHFj
1 2Based on low temperature distillations by Borodinsky, et. al.,

it was found that CHF3  exhibited an Inverse VPIE (P(1 3 CHF3) > P(1 2 CHF3))

over the entire liquid region studied. The Interesting result, however,

was the slope of the T £n(fc/fg) vs 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
13-15upon condensation of the C-H(v^) stretch. 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 (v^Cg) * 3030 •+■ ■ 3062). This fact has been postulated by

Borodinsky and co-workers to be possibly due to some form of association 

between CHF3  molecules.

Justification for such an interaction can be found in the litera­

ture. In 1961 Buckingham and Raab^ postulated a loose antiparallel

dimer configuration for gaseous CHF3 based on dielectric constant
17 18measurements at 80"C and 160*C. More recent Investigations * using 

far infrared and microwave spectroscopy on liquid CHF3  indicate high
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levels of alignment or local organization of CHF^ molecules. A
19theoretical basis for such interactions has also been done using

CNDO/2 quantum mechanical calculations. Their results indicate a dimer

in a linear C-H***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 Baab analysis of association even in the gas phase.
20Further theoretical work by Kollman and co-workers using ab-initio

calculations Indicate the ability of CHF^ to form complexes with strong

bases. Experimental verification of Kollman’s work was done by cryo-
21spectroscopic studies on CHF^ - solutions in liquid argon and

3 " 6krypton. Solutions 10 - 10 molar in CHF^ and Me^N 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-initio 

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

A). It was found that two configurations provide stabilization energies 

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 {Sec, VI. e) indicate a blue shift in 

the C-H stretching frequency upon formation of a hydrogen bond with 

fluorine. Infrared spectra of the manifold of gaseous CHF, taken at 

500°K, 300°K and 200“K and at pressure (25-50 torr), have shown that 

no frequency shift occurs in as the temperature of the gas is changed 

from 500°K to 200'K within the resolution of the instrument, ± 1  cm 

Also no discemable 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
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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 CHF^ has been studied.

Id. Outline of the Investigation

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

distillation and (2) differential manometry. The experimental require­

ments and precision of the two methods are markedly different.

Requirements for distillation with respect to iBotopic enrichment, 

chemical purity and temperature/pressure measurement and control are 

quite modest. On the other hand, differential manometry requires highly 

isotoplcally enriched (90% +) and chemically pure (*v 99.999%) samples. 

Temperature/pressure measurement and control require sophisticated 

equipment. The results obtained from differential 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),
133. preparation of highly enriched C and deuterium samples with 

total impurity levels of less than 50 ppm (Section IV),

4. measurement of VPIE for ^CHF^/^CHF^ ^CDFj/^CHF^
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systems (Section V)» and

5. the analysis of experimental VPIE data in light of the 

existing experimental and theoretical information on CHF^ (Section VI).



II. EXPERIMENTAL APPARATUS

The design of most low temperature thermostats Is based upon the
22 23principles of the low temperature calorimeter of Eucken and Nernst

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 major

drawback was that heat transfer by radiation had to be taken into

account. The first major Improvement of the Eucken/Nemst design was
2kimplemented by Gibson and Giauque in which they made use of an 

adiabatic shield around the sample holder. By maintaining the temper­

ature of this shield near that of the sample holder, heat radiation
25effects were minimized. Further improvements by Giauque and Egan

involved passage of heater, sensor wires and sample lines through large

heat sinks, situated above the Bample holder-lower shield assembly, to

minimize heat leaks along these lines from the outside. Radiation
26effects were further minimized by Johnston and co-workers.

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
27to isotopic vapor pressure measurements and in 1968 Bigeleisen, Brooks, 

Ishida, and Ribnlkar (BBIR) implemented major improvements on the Johnston 

design for precision isotopic vapor pressure measurements over a



- 12 -

temperature range of 2 - 300°K with long term thermal stabilities of 
-3the order of 10 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 

assembly and repair processes as well as the ease of overall operation. 

The following aspects of the cryostat will be discussed:

1. cryostat design and function (Section Ila),

2. associated supporting vacuum systems (Section lib),

3. temperature and pressure measurement and control design - 

description and specification (Section Ilia),

4. overall control design - analog and digital interface 

(Section Illb), and

3. operation and control logic (Section IIIc).
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IXa. 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 0561A: 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
3these ports 0 . 6  cm 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 

so as 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 blfllar.

The blfllar 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 1b 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 O-ring seals. This 

design has been modified (Figure 3) as follows: the four tubes were

silver-soldered into 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 a 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. In 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 vith the samples. The function of all other components is one 

of temperature control. Surrounding the SH is the Lover Radiation 

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 is 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 

down to the HS base and are then sealed with low-melting silver-solder, 

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 obtained 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 braised 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 coil 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 coll 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, OC), 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^ fro® the pool of cryogenic fluid in the cryostat 

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



-  25 -

Liquid
Nitrogen
outletStainless steel 

upper flange
Heater wires

Copper shell

Copper tubing

Stainless steel inner 
flange

Liquid Nitrogen Inlet 
from Heat Switch

Figure 8. Regulated Radiation Shield



- 26 -

Stainless steel 
upper flange

Lower Radiation Shield- 
Heat Switch Helium Line

Liquid Nitrogen Line
Feedthrough

Figure 9. Outer Can



-  27 -

were used £or thermocouple and resistance thermometer wires. Each wire 

Is passed through Its own capillary tube, which 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-rlngs 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.
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lib. Cryostat Vacuum Systems

Associated with the cryostat operation are three Independent 

vacuum systems: The Sample Inlet System (SIS), Cryostat-Dewar System

(CDS) and the Service Manifold (SM).

The SIS (Figure 10) is 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:

1 . introduction and storage of isotopic samples between runs,

2 . transfer of lsotopic 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  ̂ 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
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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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. III. TEMPERATURE/PRESSURE MEASUREMENT AND CONTROL SYSTEM

Ilia. 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 to account for lead wire resistivity. Standard 

precision (± 0.05%) ceramic encased PRTs (Minco Model #S202) were placed 

on the RRS, ARS, URS and LRS, whereas a high precision (± 0.002%) gold 

encased-hermetically sealed PRT was inserted into the SH thermometer 

well (Minco Model #S1059). All 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 

S202 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 (± 0.05*C) for this calibration 

was achieved using a Scientific Systems Cryogenic Controller Model #3610A. 

The calibration results are summarized In Tables 1 and 2, which tabulate
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the least-squares 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 (SQG) and its controller are manufactured 

by the Mensor Corp. The range of the SQG is 0 - 1500 torr with a 

resolution of ± 0.001% (± 0.015 torr). The SQG was calibrated in place 

uBing 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 relationship. Greater 

deviations occur at both extremes of the operating range, the deviations 

from the linear relationship increasing to 0.1%. The nonllnearlty is 

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

P - aQ3  + bQ2  + cQ , II-(l)
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Table 1
(a)Coefficients for the Temperature vs Resistance Fit for Cryostat PRTS

PRT # Location al a 2 a3 a4 a5

Precision Sample
holder

3.3558 34.870 2.2008 0.0022642 -0.50296 x 10- 5

1 Lower
Shield

2.8528 30.963 2.2742 0.0016939 -0.22344 x 10- 5

2 Upper
Shield

3.6789 31.354 2.2489 0.0020573 -0.37857 x 10- 5

3 Regulated
Shield

3.9408 30.803 2.2471 0.0021929 -0.41826 x 10" 5

5 Auxiliary
Shield

3.8118 31.434 2.2452 0.0021355 -0.41016 x 10- 5

(a) Precision of the five-term fit is +/- 0.0002% for all PRTs. The functional form used is:

1 2 3T = + a„ + a,R + a.R + atR fR 2 3 4 5

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



Table 2
(s)Coefficients for the Temperature vs Voltage Fit for Cryostat Thermocouples

Thermocouple # Location a^xlO^ V 1 0 2 a ^ l O 1 a4

1 Not Used 0.27229 0.34415 0.15011 0.25361
2 Not Used 0.27930 0.37737 0.26516 0.40930
3 Auxiliary

Shield
0.28776 0.42583 0.46939 0.69291

4 Upper
Shield

0.28893 0.42701 0.48976 0.73749

5 Used as a sensor for control in the minicryostat
6 Lower

Capillaries
0,29537 0.47817 0.59273 0.78990

7 Regulated
Shield

0.28950 0.44148 0.49115 0.68631

8 Sample
Holder

0.28716 0.40510 0.42251 0.67485

9 Upper
Capillaries

0.29436 0.47624 0.58376 0.77014

1 0 Lower
Shield

0.28625 0.39781 0.40049 0.65301

(a) Precision of the four term fit is +/- 0.2%. The functional form used is:
T(°C) - Ax - a 2 |v| + a 3 |v| 2  - a4 |v| 3  ,

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

a - -1.9256 x 10"U

b - 1.6857 x 10" 9

c - 1.5235 x 10“ 2 ,

in which F is the absolute pressure in torr and Q is the SQC decade 

counter reading (nominally, 100,000 counts per 1500 torr). The SQG 

pressure is normally read off a 6 -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 servo 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-Claperyon equation where the assumptions of gas Ideality 

and the negligibility of liquid volume have been applied,

—  ■ - AT Il-(2)P AH K Jvap

For a typical Isotope effect of 1Z, — • 0.01, and a 1% precision in the

measurement, the absolute magnitude of the pressure fluctuation, 6 P, must
f iP 1 p a lbe limited to —  ̂  0.0001. For the CHF- system (AH ^ 4x10 — =— ) the P 3 vap mole
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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
12case the absolute pressure of the CHF3  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 1 0 0  torr down 

to 0 . 1  torr with a full scale precision of ± 0 .0 1 % of each full scale 

range. The capacitance gauges are calibrated by the manufacturer (NBS 

traceable) and provided with 0 - 1 0  volts DC full scale output 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 Measurement3

T(®K) P(torr)b 6 T required(xlO 3 deg)C 6 T ? k t  <xl0 ~3 deg)d 6tsqg <xl0 _3 dee>e

143 16.5 1 . 0 2.5 9.3

165 132 1.4 2.5 1.5

191 751 1 . 8 2.5 0.36

a. AHvap (CHF3) = 4xl03 cal/mole 0 the Boiling Point

b. From experimental data (Sec. V)

c. Allowable thermal fluctuation for measurement of a IX VPIE with IX precision

d. Sensitivity of PRT reading

e. As determined from the Clausius Claperyon eqn with P and T as shown and AP = 0.015 torr
(the SQC sensitivity).



Table 4

Cryostat Temperature and Pressure Sensor Specifications

Sensor Sensitivity Precision Readability

PRT (SH) .Afl/deg ±.0022 2.5xlO~3*C

PRT (LRS,URS,ARS,RRS) ,40/deg ±05% 2.5x10 3°C

TC 30pV/deg + .22 0.03"C
)

SQG

CG

1500 torr 
100,000 counts

10.000V/Range

±0.0012

±0.012/Range

0.015 torr

-20 XI: 10 torr

0 X.l: 10-3 torr

@ X.01: 10 4 torr

@ X.001: 10-5 torr
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Illb. 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 broken down Into five essential aspects:

1. 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 ± 5pV or 'v ± 0,15“C.
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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 CC 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^q , an offset signal corresponding to 

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

difference signal is amplified by a known gain of and a 12 bit

conversion is taken. Separately, the offset signal X^q 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 A. BCD A. BCD

12 bit A/D
-X.0000 -  X

add
X.ABCD

* 10

O.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 ± 10yV or ± 0.15 torr
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the spiral quartz gauge, capacitance gauge system and two Datel (Model 
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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^q , an offset signal corresponding to 

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

difference signal is amplified by a known gain of *v lO^o* an<* a ^  ^it 
conversion is taken. Separately, the offset signal X^q is converted, 

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

latter is scaled down by the value of the gain.

X.10 12 bit A/D
X.ABCD A. BCD A. BCD

-X.0000 X

| add 
X.ABCD

+ 10

O.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 ± 10pV or ± 0.15 torr
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and ± 25gV 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 ± 0,03% of full scale for 12 bit 

and 15 bit precision, respectively.

IIIb.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-1 throw Reed 

Relays (2/PRT) for automatic selection of the PRTs. The four-wire 

connections are then fed into a Kelthley Model 5900 6-digit DVOM for 

resistance measurements to t 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 KPN 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 

± 0.025 ohms (± 0.0625°C) and ± 0.0031 ohms (± 0.0075°C) for 12 bit and
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15 bit conversions, respectively.

Illb.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 1b 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 accomplished 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.

lllb.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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o
vc 0-10 vdc

— v W \ A “ —̂ O 100 vdc 
*c u

j

V Voltmeter 
A Ammeter 
Rc Cryostat Heater 
R{, Base Resistor 
Re Emlter Resistor 
T GE-251 NPN Transistor 

Vp 100 VDC-3.5 Amp Regulated Power Supply 
Vc Control Voltage

Figure 15. Cryostat Heater Circuit
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clock, a Data Translation 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 available soft storage). Software control of the computer 

and its associated hardware is accomplished under DEC's RT-11 operating 

system 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.
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IIIc. Cryostat Temperature Control and Operation

IIIc.l. 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 LNj through the RRS coil and by the 

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
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dealred 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 LN^ temperature and 

to provide for a heat leak environment which is necessary for the 

temperature control process. Except for the minor cooling capabilities 

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 to supply enough power 

to bring the component to within 'v -0.2cC of the desired temperature 

within a few minutes is applied to the heater. The current is cut back 

to a lower level ( ^ 5 - 1 0  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 environment. 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 1 0.5*K), the temperature controllability is very 

good (^ ± 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
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Table 5

Cryostat Component Temperature Differentials

Assembly
Thermal Differential 

(with respect to SH temperature)

LRS +0.2*K.

URS +0.2*K

ARS 40.5°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.
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component and that at equilibrium the thermal differentials in Table 5 

are maintained. In actuality, this process is 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 LN^* requires the greatest amount of 

time to reach the desired temperature. Because of this it is 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. In general, this procedure works well. However, 

once parasitic condensation 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 transfer 

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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IIIc.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 generated 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.

1. KBQ (KeyBoard Query) Is 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) is subroutine //2, 

and is identical in function as TCAR, but the temperature measurements 

are performed with PRTs.

4. HAMAN (Heater Adjust MANual) is 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 It 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 various cryostat components, e.g., sample holder, lower radiation 

shield, etc., and set points (Cf: NUTEM) and also 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 

as input from the console terminal the precision 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. INPUT (INPUT of control program data) is subroutine #7. This 

subroutine accepts from the console terminal the necessary operating
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parameters and constants. For example: The run*B 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 lags 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 a 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 12CHF3, 12CDF3 and 13CHF3

IVa. Chemical Purification

12CHF3 was obtained from Linde-Union Carbide and one liter @ NTP 
13 12each of CHF3 and CDF3 were purchased from Stohler Isotopes Corpor-

13 13ation. The CHF3 sample was supposed to have about 90% C-enrichment,
12and the CD F 3 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 ^2CHF3> 
12 13CDF3 and CIIFj, respectively. The major impurities were COj, 1^0

12 12 13and an unknown in CHF3 and CDF3. CHF3 was found to contain C02,

CO, H^O and seven additional impurities whose identities have not been

determined.

The following procedures were used to purify these compounds to

acceptable levels:
12 12CHF3 and CDFji samples were passed, under vacuum, through

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

to remove CO^. Subsequent bulb-to-bulb distillation removed H20.
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.
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This procedure removed CC^, CO and H^O and five of the seven

unknown impurities. The total impurity at this point was ^ 1.0%.
13Further purification on the CHF^ sample was done using preparative

13gas chromatography. The CHF^ sample was passed through two columns

in tandem: A Silica Gel (60/80 mesh) column (3/8" O.D. x 1/4” 1.0. x 6

feet) and an Alumina (80/200 mesh) column (3/8" ).D. x 1/4" I.D, x 6

feet) at 25aC 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-
13niques, eluted before the CHF^. Therefore only middle and end 

fractions which showed minimal amounts of these impurities were recom­

bined. The final sample size after this procedure was 'v* 135 cc at NTP.

The final chemical analysis was performed on a Perkln-Elmer 9000 

Gas Chromatograph using Alumina 80/200 mesh and Spherocarb 80/100 mesh 

columns (3/32" I.D. x 6 feet) with Helium as the carrier gas. A thermal 

conductivity detector (225 ms) 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
12 12 13above are 'v 18 ppm, 16 ppm and 300 ppm for CDF^ and CHF^

13respectively (Table 6). The CHF^ sample could not be further 

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

Sample Impurity #PPM Coloumn Temperature (°C)
Flow
Rate ( ) minutes

Retention 
Time (min)*

12CHF3 co2 3 Spherocarb 117 19 5.4

H2° 5 Spherocarb 117 19 6.5

Unknown A 10 Spherocarb 173 19 >30

12c d f 3
“ 2

10 117 19 5.4

h 2o 1 117 19 6.5

Unknown A 5 173 19 >30

13™ „CHFj Unknown B 200 Alumina 60 19 0.50

Unknown C 50 Alumina 60 19 1.20

♦Retention time is with respect to air.



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
29corrected for relative Intensities yielded the results tabulated in 

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



Table 7

Chemical and Isotopic Analysis of Purified Isotopic Fluoroform Samples

12 12 13Sample CHF3 CDF3 CHF3

Z Chem Purity 99.998 99.998 99.97

Isotopic Content

Z 12CHF3 99.3 3.0 17.6
o>

Z 13CHF3 0.7 - 82.4

z 12c d f, 96.1

13
Z CDF. 0.9
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V. EXPERIMENTAL RESULTS

Va. Experimental Vapor Pressure Data

The experimental vapor pressure obtained, over several weeks, is

summarized in Tables 6 and 9 for the (12/13) and (H/D) effects,
12respectively. In these tables P' is the pressure of CHF^, P the 

13 12pressure of CHF^ and CDF^ In Tables 7 and 8, respectively, and

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 (Pt^CHF^) > P(^CHF^)) whereas the (H/D)
12 12effect was found to be normal (P( CHF^) > P( CDF^)). The vapor

12pressure data of the reference sample ( CHF^) was compared to that
30of Giauque, Brodale and Valentine, 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 

Giauque*s data (13 points) especially at the low vapor pressure end.



Table 8: Carbon Vapor Pressure Isotope Effects In Fluoroform

No.

1

T i o 3/ t P T ln (P j2/P 13)

n o (T o rr) Date

133.71 7.479 4.8871 •3.3343 13/28
134.4f 7.424 5.5502 -3.3732 10/23
135.17 7.390 5.9221 -3.3742 13/28
133.72 7.338 3.3593 -0.3334 10/29
133.17 7.344 3.7179 -0.3573 10/23
133.34 7.319 7.1478 -3.3342 13/28
137.34 7.297 7.5103 -3.3417 13/29
137.33 7.235 8.1112 -3.3544 10/23
131.33 7.243 8.5472 -3.3459 13/29
139.33 7.191 9.3494 -3.3444 13/29
139.11 7.185 9.7927 -0.3431 13/23
139.75 7.153 10.493 -3.3510 13/29
143.43 7.121 11.383 -0.3500 10/29
141.27 7.379 12.573 -3.3449 10/29
142.35 7.040 13.731 -0.3313 10/29
143.02 3.992 15.327 -3.3174 10/24
143.24 3.981 15.723 -3.3324 18/29
144.34 3.914 18.343 -3.3404 18/24
144.95 3.899 19.023 -3.3227 10/38
145.73 3.831 23.773 -0.3312 10/30
143.14 3.843 21.332 -0.3333 13/24
143.34 3.019 22.883 -0.3302 18/30
147.35 3.773 25.484 -0.3243 18/24
148.53 3.731 28.332 -3.3102 18/30
149.13 3.704 29.793 -0.3243 10/24
149.94 3.370 32.274 -0.3134 10/30

[ cont inued ]



[ Table 8; continued ]

T io 3/ t I*
T in (p ;2 /p i3>

No. (°K ) (°K _ l ) (T o rr) Date

27 150.45 4.430 34.441 -0.4140 10/24
21 151.13 4.417 34.373 -0.4041 10/25
2? 151.04 4.501 39.432 -0.4124 10/25
30 152.10 4.571 40.372 -0.4009 10/24
31 152.44 4.550 42.310 -0.4028 10/30
32 133.14 4.529 44.441 -0.4024 10/23
33 153.47 4.500 44.422 -0.4070 10/24
34 154.17 4.404 40.907 -0.4000 10/23
33 153.15 4.443 53.711 -0.3947 10/23
34 154.14 4.404 59.009 -0.3901 10/23
37 157.14 4.343 44.448 -0.3839 10/23
31 157.43 4.352 44.270 -0.5944 10/30
39 150.17 4.322 70.914 -0.5828 10/25
40 139.23 4.200 77.070 -0.3904 10/30
41 140.24 4.240 85.247 -0.3924 10/30
42 140.41 4.224 87.943 -0.5732 10/21
43 141.55 4.190 93.207 -0.5052 10/30
44 142.13 4.140 100.10 -0.5714 (0/24
43 142.44 4.149 104.43 -0.5744 10/21
44 143.17 4.(29 109.12 -0.5714 10/24
47 (43.95 4.100 114.49 -0.5752 10/30
40 144.73 4.070 124.41 -0.3449 10/24
4? 143.14 4.055 120.59 -0.5407 10/21
50 145.04 4.029 134.14 -0.3737 10/30
51 144.73 5.997 144.03 -0.5593 10/24
52 147.14 5.983 150.74 -0.3592 10/21

[ continued ]



[ Table 8; continued ]

T i o 3/t P T l n ( P ,u / P ]

No. (°K) (°K_1) (Torr)

S3 144.13 3.947 143.02 -0.3384
54 149.14 3.912 174.10 -0.3374
53 174.44 5.447 194.24 -4.3311
54 171.14 3.442 243.27 -4.3322
3? 171.45 3.424 212.34 -4.3492
SI 172.14 3.444 221.24 -4.5408
54 172.45 5.743 232.40 -0.3474
44 174.14 3.742 233.53 -4.3531
41 174.44 3.724 244.29 -4.3428
42 175.44 3.494 243.44 -0.3419
43 174.17 5.474 294.49 -4.3443
44 (77.53 5.433 323.44 -4.3370
45 174.23 5.411 339.15 -0.3470
44 179.34 3.349 370.94 -0.3329
47 140.14 5.551 345.91 -4.5417
48 140.94 3.527 404.54 -4.3310
49 141.44 5.543 423.71 -0.3223
74 142.34 5.444 444.14 -0.5283
71 143.44 3.445 444.43 -4.3243
72 144.54 5.414 512.43 -4.5244
73 145.21 3.399 534.05 -4.5197
74 143.42 5.347 547.73 -4.5206
73 144.04 5.375 542.51 -0.5214
74 147.43 5.330 614.52 -0.5141
77 144.42 3.302 654.53 -0.5140
74 149.22 3.245 640.41 -0.5140

[ continued ]
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[ Table 8; continued ]

T io3/t P T ln(Pj2/l'n )
No. CK) C t f 1) (Torr) Date

79 119.44 3.273 491.02 -0.3153 10/23
80 191.34 3.248 733.04 -0.3104 10/31
81 191.24 3.229 744.14 -0.3030 10/27
12 192.13 3.207 802.20 -0.3044 10/27
•3 193.12 3.111 847.39 -0.3037 10/31
14 194.24 3.141 904.83 -0.4955 10/27
13 193.12 3.123 952.43 -0.4941 10/27
14 194.12 3.101 1000.9 -0.3034 10/31
17 t97.93 5.073 1054.9 -0.4977 10/27
I I 191.10 5.048 1118.3 -0.4914 10/31
81 191.44 5.034 1130.3 -0.4914 10/27
91 199.44 3.008 1213.0 -0.4124 10/31
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Figure 19. 12/13 Vapor Pressure Isotope Effect in Fluoroform



Table 9: Hydrogen Vapor Pressure Isotope Effects in Fluoroform

T 103/t P T ln(P^/PD)

No. ( °K) (°K~l) (Torr) Date

1 124.00 7.934 1.4478 ♦4.404 09/0
2 124.95 7.877 1.8993 ♦4.349 09/0
3 127.14 7.122 2.1400 ♦4.418 09/0
4 121.72 7.749 2.4587 ♦4.347 09/0
3 129.14 7.742 2.4142 ♦4.479 10/2
4 129.44 7.714 2.8124 ♦4.308 09/0
7 129.97 7.494 2.9232 ♦4.578 10/2
8 130.51 7.442 3.1430 ♦4.277 09/0
9 131.33 7.402 3.4554 ♦4.244 09/0

14 132.54 7.545 4.1889 ♦4.233 09/0
I t 133.01 7.518 4.4587 ♦4.411 10/2
12 133.33 7.489 4.7712 ♦4.391 08/1
13 133.71 7.479 4.8871 ♦4.440 10/2
14 133.75 7.477 4.9099 ♦4.243 09/0
15 134.15 7.454 5.1828 ♦4.347 08/1
U 134.15 7.454 5.1828 ♦4.273 09/0
17 134.49 7.424 3.5502 ♦4.403 10/2
I t 133.14 7.400 5.8993 ♦4.350 08/1
I f 135.17 7.398 5.9221 ♦4.405 10/2
20 135.17 7.398 5.9237 ♦4.218 09/0
21 135.72 7.348 4.3594 +4.514 10/2
22 134.14 7.344 4.7148 ♦4.341 08/1
23 134.17 7.344 4.7179 ♦4.513 10/2
24 134.44 7.319 7.1478 ♦4.394 10/2
25 134.44 7.317 7.1415 ♦4.257 09/0
20 137.04 7.297 7.5104 ♦4.457 10/2

[ continued ]



[ Table 9; continued ]

T i o3/t P T ln(P^/PD>

No. C k ) (*K_1) (Torr) Date

27 137.14 7.292 7.5914 ♦4.317 08/13
21 137.44 7.245 0.(112 ♦4.470 10/23
29 137.70 7.250 8.2454 ♦4.247 09/02
30 130.04 7.243 0.3472 ♦4.404 10/29
31 130.14 7.238 0.4433 ♦4.307 08/13
32 130.32 7.230 0.0475 ♦4.247 09/00
33 130.44 7.223 9.0091 ♦4.202 08/19
34 130.94 7.194 9.5544 ♦4.243 09/02
33 139.04 7.191 9.4494 ♦4.341 10/29
33 139.14 7.104 9.0171 ♦4.103 08/19
37 139.10 7.105 9.7927 ♦4.424 10/23
30 139.43 7.141 10.422 ♦4.207 09/08
39 139.75 7.154 10.494 ♦4.342 10/29
40 140.13 7.137 11.014 ♦4.233 09/02
41 140.13 7.133 11.052 ♦4.144 08/19
42 140.43 7.121 11.384 ♦4.324 10/29
43 140.79 7.103 11.927 ♦4.314 09/15
44 140.84 7.100 11.979 ♦4.215 09/08
43 141.15 7.005 12.414 ♦4.189 00/19
44 141.27 7.079 12.570 ♦4.311 10/29
47 141.41 7.072 12.770 ♦4.222 09/02
48 142.05 7.040 13.741 ♦4.301 10/29
49 142.17 7.034 13.947 ♦4.238 09/15
50 142.17 7.034 13.905 ♦4.131 00/19
51 142.53 7.014 14.543 ♦4.201 09/02
52 142.44 7.010 14.757 ♦4.198 08/20

[ continued ]



{ Table 9; continued ]

No.

T io3/t P T la (P ; /P D)

CK)

H1X0 (Torr) Date

143.02 4.992 15.327 +4.321 10/24
143.14 4.904 15.595 ♦4.192 •8 /19
143.24 4.901 15.723 +4.242 10/29
143.44 4.942 14.501 +4.223 09/15
143.74 4.957 14.497 +4.213 09/02
144.14 4.930 17.430 +4.185 08/19
144.44 4.914 10.343 ♦4.291 10/24
144.93 4.899 19.023 +4.230 10/30
144.90 4.090 19.102 +4.204 09/02
145.14 4.090 19.474 +4.201 09/15
145.14 4.890 19.409 +4.145 00/20
145.74 4.041 20.773 +4.223 10/30
144.13 4.043 21.440 +4.241 09/08
144.14 4.043 21.442 +4.240 10/24
144.14 4.043 21.712 +4.142 00/20
144.53 4.024 22.483 +4.109 09/03
144.44 4.019 22.803 +4.203 10/30
144.49 4.817 23.019 ♦4.192 09/15
147.15 4.794 24.199 +4.120 08/20
147.17 4.795 24.232 +4.110 09/15
147.43 4.703 24.923 +4.191 09/08
147.55 4.777 25.240 +4.143 09/03
147.40 4.775 25.405 +4.148 09/15
147.45 4.773 25.404 +4.199 10/24
148.15 4.750 24.915 +4.107 08/20
140.43 4.737 27.724 ♦4.145 09/14

[ continued ]



( Table 9; continued ]

No.

T io 3/ t P T 1o ( P; / Pd)

<“K) C K _1) (T o rr) Date

148.56 6.731 28.032 ♦4.170 10/30
148.74 6.722 28.659 ♦4.143 09/03
149,15 6.705 29.B16 ♦4.097 08/20
149.16 4.704 29.796 ♦4.167 10/24
149.16 6.704 29.879 ♦4.170 09/08
149.44 6.692 30.689 ♦4.134 09/16
149.94 4.670 32.274 ♦4.143 10/30
149.94 6.668 32.410 ♦4.125 09/03
138.15 6.660 33.048 ♦4.089 08/20
159.44 4.647 33.9B8 ♦4.125 09/16
150.64 6.638 34.705 ♦4.147 09/08
150.65 6.638 34.461 ♦4.138 10/24
151.13 6.617 36.375 ♦4.120 10/25
151.13 6.617 36.43B ♦4.103 09/03
151.16 4.614 36.546 ♦4.076 08/20
151.44 4.603 37.561 ♦4.112 09/16
151.94 6.581 39.452 ♦4.087 10/25
152.16 6.572 40.374 ♦4.066 08/20
152.19 6.571 40.372 ♦4.105 10/24
152.35 6.564 41.138 ♦4 .OBI 09/03
152.47 6.559 41.613 ♦4.093 99/16
152.66 6.550 42.318 ♦4.100 10/30
152.66 6.550 42.486 ♦4.079 08/21
153.12 6.531 44.415 ♦4.077 09/11
153.14 6.530 44.444 ♦4.052 08/20
153.16 6.529 44.441 +4*068 10/25

[ continued ]



[ Table 9; continued ]

T io 3/ t P T ln (P ^ /P D)

No. (°K ) (°K _1) (T o rr) Date

103 133.33 4.513 44.244 ♦4.042 09/03
100 153.47 4.508 44.422 ♦4.084 10/24
107 154.17 4.484 48.007 ♦4.058 10/25
101 134.34 4.478 40.030 ♦4.054 08/21
100 154.45 4.444 31.272 ♦4.077 09/11
110 154.77 4.441 51.010 ♦4.043 09/03
111 133.15 4.445 53.711 ♦4.047 10/25
112 155.15 4.445 53.830 ♦4.042 08/21
113 155.45 4.425 54.470 ♦4.070 09/08
114 155.04 4.413 57.047 ♦4.024 00/03
115 135.05 4.412 58.040 ♦4.042 00/14
114 154.14 4.404 50.000 ♦4.032 10/25
117 154.14 4.404 50.128 ♦4.024 08/21
118 157.12 4.345 44.570 ♦4.042 09/08
110 157.14 4.344 44.407 ♦4.000 09/03
120 157.14 4.343 44.448 ♦4.023 10/25
121 157.14 4.343 44.804 ♦4.009 08/21
122 157.24 4.340 45.183 ♦4.041 09/11
(23 157.43 4.352 44.270 ♦4.022 10/30
124 157.42 4.344 47.441 ♦4.034 08/27
125 158.15 4.323 70.803 +3.094 08/21
124 158.17 4.322 70.014 ♦4.008 10/25
127 158.34 4.314 72.083 +3.087 09/03
128 158.47 4.302 74.251 ♦4.035 09/12
120 158.05 4.201 74.132 ♦4.018 09/08
130 150.15 4.283 77.481 ♦3.078 08/21

t continued ]



I Table 9; continued ]

T 103/T  P

No. (*K ) (*K _ I ) (T o rr)

139.23 4.280 77.870
139.31 4.277 78.599
159.54 4.248 80.177
140.14 4.244 84.470
140.19 4.243 84.785
140.24 4.240 85.247
140.74 4.221 89.042
140.74 4.221 89.127
141.35 4.190 95.287
141.48 4.183 94.487
141.70 4.184 94.433
141.94 4.175 98.582
142.07 4.170 99.743
142.13 4.148 100.18
142.44 4.149 104.43
142.94 4.137 107.31
143.12 4.131 108.98
143.17 6.129 109.12
143.24 6.125 110.15
143.44 4 . t 10 113.82
143.95 4.100 116.49
164.15 6.092 118.64
164.36 4.084 120.67
144.75 6.070 124.41
164.75 6.070 124.58
165.14 6.056 12B.62

[ continued

i"<p;/pD)
Date

3.994 10/30
3.997 08/27
3.973 09/03
4.003 09/12
3.998 09/08
3.975 10/30
3.953 09/03
3.977 08/27
3.956 10/30
3.972 09/12
3.940 09/03
3.937 09/03
3.956 08/27
3.944 10/26
3.911 10/21
3.920 09/03
3.944 09/12
3.921 10/26 .
3.938 08/27 .
3.898 10/20
3.921 10/30
3.902 09/04
3.917 08/27
3.900 10/24
3.919 09/12
3.920 09/09



[ Table 9; continued ]

T io 3/ t P T ln (P ;i /P D)

No. <“K) ( " i f 1) (T o rr) Date

157 145.14 4.055 128.59 43.887 10/21
151 145.34 4.048 130.78 43.885 09/04
159 145.57 4.040 133.12 43.900 08/27
140 145.84 4.029 134.14 43.884 10/30
141 144.12 4.020 139.30 43.907 09/14
142 144.15 4.019 139.39 43.881 10/22
143 144.27 4.014 140.84 43.894 09/12
144 144.54 4.004 144.01 43.848 09/04
145 144.45 4.000 145.31 43.888 09/09
144 144.75 5.997 144.03 43.870 10/24
147 144.79 5.994 144.74 43.881 08/27
141 147.14 5.983 150.74 43.840 10/21
149 147.50 5.970 155.31 43.858 09/04
170 147.74 5.941 158.53 43.851 09/04
171 147.84 5.937 159.48 43.870 09/12
172 147.97 5.954 141.04 43.870 08/28
173 148.15 5.947 143.02 43.849 10/24
174 148.73 5.927 170.70 43.834 09/04
175 149.09 5.914 175.47 43.849 09/09
174 149.14 5.912 174.10 43.832 10/21
177 149.19 5.911 174.94 43.843 08/28
17B 149.45 5.901 180.40 43.844 09/12
179 149.94 5.884 187.54 43.814 09/04
180 170.34 5.870 193.42 43.820 08/28
181 170.44 5.847 194.24 43.815 10/24
182 171.04 5.847 203.57 43.819 09/12

[ continued 1



[ Table 9; continued ]

T i o3/t P T ln(P-/PD>

No. ("K> C K -1) (Torr) Date

113 171.14 5.843 285.14 43.888 89/04
184 171.14 5.842 285.27 43.808 10/21
IBS 171.55 5.829 211.44 43.880 08/28
184 171.45 5.824 212.58 43.798 10/24
117 172.18 5.888 221.24 43.797 18/22
IBB 172.37 5.881 224.42 43.779 09/04
18V 172.74 5.788 231.88 43.791 09/12
1V0 172.74 5.788 231.25 43.782 08/28
1V1 172.85 5.785 232.48 43.780 10/24
1V2 173.54 5.742 244.84 43.742 09/04
193 173.94 5.749 252.82 43.744 08/28
194 174.84 5.744 253.48 43.778 89/89
195 174.14 5.742 255.53 43.745 10/22
194 174.45 5.732 241.IB 43.743 89/12
197 174.44 5.724 244.29 43.755 10/24
198 174.74 5.723 244.78 43.745 09/04
199 175.15 5.789 274.48 43.744 08/28
208 175.44 5.494 283.88 43.741 18/24
281 175.44 5.493 2B4.48 43.742 09/09
282 175.95 5.484 298.41 43.728 09/04
283 174.14 5.477 294.44 43.734 89/12
284 174.17 5.474 294.49 43.740 18/22
205 174.34 5.478 298.74 43.728 08/28
284 177.14 5.445 315.49 43.710 09/04
207 177.53 5.433 323.44 43.715 10/27
288 177.55 5.432 324.28 43.713 08/28

[ continued ]



( Table 9; continued ]

T io3/t P T ln(Pj/PD)

No. (°K) C K -1) (Torr) Date

209 177.84 5.423 330.93 +3.710 09/12
210 178.13 3.414 337.45 ♦3.709 09/09
211 178.23 5.411 339.15 ♦3.707 10/22
212 178.44 5.404 344.40 ♦3.694 09/04
213 178.74 5.594 352.13 ♦3.495 08/28
214 179.34 5.570 371.14 ♦3.486 09/13
213 179.34 5.549 370.94 ♦3.486 10/27
214 179.41 5.548 372.98 ♦3.482 09/09
217 179.73 5.543 374.52 ♦3.674 09/04
211 179.95 5.557 381.21 ♦3.478 08/28
219 180.14 5.331 385.91 ♦3.681 10/22
220 180.94 5.527 404.38 ♦3.646 10/27
221 181.03 3.523 410.09 ♦3.655 09/04
222 181.(3 5.521 412.32 ♦3.666 09/16
223 181.14 5.320 412.87 ♦3.661 08/28
224 181.25 5.517 415.32 ♦3.641 09/13
223 181.44 5.505 425.71 ♦3.668 10/22
224 181.47 5.505 427.08 ♦3.653 09/09
227 182.30 5.484 444.18 ♦3.447 10/27
228 182.33 5.484 445.91 ♦3.637 09/05
229 182.35 5.484 445.98 ♦3.643 08/28
230 182.95 5.444 443.59 ♦3.636 09/13
231 183.54 5.448 481.78 ♦3.627 08/28
232 183.43 3.444 484.25 ♦3.621 09/05
233 183.44 5.445 484.05 ♦3.641 10/23
234 184.13 5.431 499.46 ♦3.620 09/09

[ continued ]



[ Table 9; continued ]

T i o 3/ t P T I r K P '/P ^

No. <“K) (°K- 1 ) (T o rr) Date

233 184.54 3.414 512.83 +3.595 10/31
234 144.44 5.414 515.44 +3.411 09/13
237 144.75 5.413 51V.55 +3.412 04/28
231 144.V7 5.404 524.37 +3.408 09/05
23V 145.21 5.3VV 334.05 +3.415 10/27
244 145.42 5.347 547.73 +3.411 10/23
241 18S.V4 5.378 558.75 ♦3.597 08/24
242 144.04 5.373 342.51 +3.401 10/27
243 144.24 5.34V 54V.44 +3.587 09/05
244 144.33 3.344 572.V3 +3.589 •9 /13
245 147.13 5.344 401.00 +3.579 09/14
244 147.14 5.344 401.28 +3.574 09/09
247 147.14 5.344 401.34 ♦3.579 08/29
244 147.54 5.332 414.14 ♦3.570 09/05
24V 147.43 5.330 418.52 +3.581 10/23
254 144.13 5.314 438.23 +3.344 09/13
251 144.33 5.30V 444.25 +3.540 08/29
252 144.42 5.302 454.53 +3.545 10/27
253 144.44 5.2V5 444.32 ♦3.549 09/05
254 14V.22 5.285 480.41 +3.555 10/27
255 14V.45 5.273 494.41 +3.537 09/10
254 14V.44 5.273 498.02 +3.550 10/23
257 14V.V3 5.245 709.43 +3.534 09/13
254 190.15 5.25V 719.08 +3.529 09/05
23V 190.54 5.248 735.04 +3.524 10/31
244 1V1.15 5.232 742.04 +3.514 09/14

[ cont inued ]



t Table 9; continued ]

T io3/t P T ln(P^/PD)

No. (°K) 0 1
'W (Torr) Date

241 191.24 5.229 744.14 *3.529 10/27
242 191.44 5.224 775.41 *3.509
243 191.43 5.218 783.28 *3.509
244 191.47 5.217 785.74 *3.511
243 192.03 5.207 802.20 *3.514
244 192.15 5.204 807.74 *3.501
247 193.02 5.181 847.59 *3.489
248 193.12 3.178 853.14 *3.489
249 193.14 3.178 853.41 *3.491
270 193.43 5.144 875.88 *3.475
271 194.24 5.148 904.83 *3.492
272 194.43 5.138 927.92 *3.470
273 195.12 5.125 952.43 ♦3.474
274 195.12 5.125 953.20 *3.444
275 195.14 5.124 953.94 *3.444
274 195.45 5.111 980.03 *3.432
277 194.02 3.101 1000.9 *3.433
271 197.05 3.075 1054.9 *3.432
279 197.12 5.073 1043.4 *3.441
280 197.13 5.072 1043.8 *3.437 09/14
281 197.15 5.072 1044.1 *3.440 09/05
282 197.44 5.059 1091.8 *3.412
283 198.10 5.048 1118.5 *3.408 10/31
284 198.44 5.034 1150.5 *3.418
285 199.15 5.021 1183.8 *3 .4 t4
284 199.41 5.010 12(0.9 *3.378 10/2 .

[ continued ]



[ Table 9; continued ]

T i o3/t P

No. (°K> (°K_l) (Torr)

287 199.44 5.888 1215.0
288 288.15 4.994 1247.2
219 281.13 4.971 1313.4
290 283.14 4.923 1452.4
2 ft 283.17 4.922 1455.4
292 283.14 4.873 1407.4
293 287.13 4.828 1770.4
294 212.14 4.713 2237.2

T '“'V'V
Date

43.384 10/31
43.407 09/10
43.392 09/05
43.383 09/14
43.337 09/03
43.324 09/14
43.271 09/14
43.179 09/14
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Figure 20. H/D Vapor Pressure Isotope Effect in Fluoroform
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Vb. Data Reduction

1. Correction for Isotopic Content

The experimentally observed data of preference an<*
P . - P , ) for each effect had to be corrected for isotopicreference sample
content so that the quantity P ’/P could be obtained. The isotopic 

mixtures are treated ideally. Application of isotopic analysis 

(Section IV) yields the following:

12
13 1 - 1.216ft)

v-(l)

and

H
D IIP 1 - 1.031 V-(2)

where the following approximations have been made: pref * p1 and» for
13 12the calculation of the H/D effect, P( CHF^) P( CHF^) • 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 f /f data, the P'/P data must be corrected forc 8
30gas non-ideality and condensed phase molar volume Isotopic



- 84 -

31differences. These terms are given in Eq. I-(6)

In ^  - in f  [l + Pre£ ( bo - i ) ] I-(6)

where B (torr’1) o
-397.2

and

S  -x >
1.12x10-3

2.10T - 3.37x 10~3T2

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

12/13 VPIE:

In -
, f s ,T

In 1-1.216/AP \ 
V  ref/.

1.12x10-3
2.10T-3.37 x10-3T2-)

V-(3)

and

H/D VPIE:

“Cd ■ ln 1-1.031^AP~~J~
-397.2  1.12x10-3

T3 2.10T-3.37xl0~3T2)
V-(4)

J
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f it data is tabulated in Tables 10 and 11 for the 12/13 and H/D c g
effects, respectively, and plotted in Figures 21 and 22 for the 

respective effects.



Table 10: Corrected Carbon Vapor Pressure Isotope Effect in Fluoroform

T 103/T In f /f T In f /£c g c
o. (°K) (®K_1) <“K)

1 133.71 7.4789 -0.44341-02 -0.4474
2 134.49 7.4243 -4.44494-42 -4.4174
3 135.17 7.3941 -4.44341-42 -4.4144
4 133.72 7.3441 -4.59414-42 -0.4491
3 134.17 7.3434 -4.54434-42 -0.7984
4 134.44 7.3145 -4.59414-42 -4.4043
7 137.14 7.2971 -4.54441-42 -4.7794
•  137.44 7.2443 -4.57701-42 -0.7943
9 131.44 7.2432 -4.34741-42 -0.7440
4 139.44 7.1911 '-4.54241-42 -4.7820
1 139.14 7.1449 -4.54341-42 -0.7841
2 139.73 7.1554 -4.54331-42 -0.7904
3 144.43 7.1214 -4.54141-42 -0.7847
4 141.27 7.0744 -4.55341-42 -4.7824
3 142.43 7.4394 -4.33911-02 -4.7458
4 143.42 4.9924 -0.52341-42 -0.7488
7 143.24 4.9413 -0.33541-42 -0.7449
4 144.44 4.9137 -4.53441-42 -4.7744
9 144.93 4.4949 -4.32041-42 -4.7349
4 143.74 4.4404 -4.52491-42 -0.7451
1 144.14 4.4424 -4.52791-42 -4.7713
2 144.44 4.4194 -4.52041-42 -4.7437
3 147.45 4.7724 -4.51251-42 -0.7547
4 144.34 4.7313 -4.49751-42 -0.7391
3 149.14 4.7442 -0.54711-42 -4.7344
4 149.94 4.4493 -4.49531-02 -0.7424

[ continued ]



[ Table 10; continued }

T 103/T

No. (°K) ("K'1)

27 154.43 4.4379
2S 131.13 4.4141
29 131.94 4.3113
34 132.11 4.3712
31 132.44 4.3343
32 133.14 4.3291
33 153.47 4.3473
34 134.17 4.4443
33 133.13 4.4434
34 134.14 4.4437
37 157.14 4.3429
31 137.43 4.3324
39 134.17 4.3223
44 159.23 4.2442
41 144.24 4.2399
42 144.41 4.2243
43 141.33 4.1944
44 142.13 4.1479
45 142.44 4.1445
44 143.17 4.1284
47 143.93 4.4994
48 144.73 4.4498
49 143.14 4.4347
34 143.84 4.4292
31 144.73 5.9974
52 147.14 5.9834

[ continued

f If 
c g T In f /fc g

(°K)

•4.49491-42 -4.7454
-4.48338-42 -4.7333
-4.48788-42 -4.7411
-4.48441-42 -4.7344
-4.47748-42 -4.7291
-4.47388-42 -4.7287
-4.47748-42 -4.7339
-4.47444-42 -4.7233
-4.44318-42 -4.7183
-4.45448-02 -4.7127
-4.45448-42 -4.7472 ®
-4.45570-42 -4.7174
-4.44438-42 -4.7431 >
-4.44728-42 -4.7121
-4.44348-42 -4.7141
-0.43158-42 -4.4930
-4.43428-42 -4.7444
-4.42448-42 -4.4884
-4.42448-02 -4.4933
-4.42148-42 -4.4875
-0.42188-02 -0.4913
-4.41248-02 -4.4787
-0.41348-02 -0.4831
-0.41328-02 -0.4887
-0.44248-02 -0.4709
-0.44128-02 -0.4704



[ Table 10; continued ]

T i o3/t In f /f c g T In f /fc
No. (°K) (°K_I) <*K>

S3 148.13 3.9471 -0.39748-82 -8.4484
S4 149.14 3.9123 -0.39481-82 -8.4477
ss 178.44 5.8472 -8.38441-82 -8.4389

171.14 5.8423 -8.38548-02 -8.4597
s? 171.43 5.8238 -8.38218-02 -8.4558
38 172.18 3.8079 -8.38871-02 -8.4493
39 172.83 3.7834 -8.37781-82 •0.4531
48 174.14 3.7418 -8.37941-02 -8.4411
41 174.44 5.7241 -8.34991-02 -8.4441
42 173.44 3.4933 '-0.34488-02 •0.4442
41 174.17 5.4743 -8.34991-02 -8.4517
44 177.33 5.4329 -8.35878-02 -8.4349
43 178.23 5.4187 -8.34378-02 -0.4482
44 179.34 5.5492 -8.35188-02 -8.4303
47 188.14 5.5512 -8.33548-02 -8.4402
48 188.94 3.5247 -8.34448-82 -8.4248
49 181.44 5.5854 -8.33918-02 -8.4159
78 182.38 5.4855 -8.34148-82 -8.4223
71 183.44 5.4454 -8.33308-02 -0.4114
72 184.38 5.4177 -8.33348-02 -8.4133
73 183.21 5.3993 -8.32988-02 -8.4093
74 183.42 5.3874 -0.32848-02 -0.4899
73 184.84 5.3744 -8.32838-82 -8.4188
74 187.43 5.3294 -8.32118-02 -8.4825
77 188.42 5.3017 -8.11738-82 -8.3989
78 189.22 5.2849 -0.31411-02 -8.5982

[ continued )



[ Table 10; continued ]

T i o3/t

No. (°K) C K * 1)

79 199.44 5.2724
•9 199.54 5.2492
91 191.24 5.2299
92 192.95 5.2079
93 193.92 5.1999
94 194.24 5.1493
•5 195.12 5.1231
94 194.92 5.1913
97 197.95 5.9749
•9 199.19 5.9490
99 199.44 3.0342

199.44 3.0095

In f /fc 8 T In f /f c g
<°K)

-0 .3 I41B -
- 4. 31999-
•t.ltlll-
-9.39519-
-0 ,30239-
•9.29371*
-9.29229-
-0.29549-
-9.29999-
-0.29399-
-0.29199-
-9.27459-

-9.5994  
-0.5924  
-9.5933  
-9.5959  
-9.5939  
-9.5704  
-0.3701 
-9.5795  
-0.3493  
-0.5404  
-9.5491 
-0.3491

00
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Figure 21. Corrected 12/13 Vapor Pressure Isotope Effect in FJuorofonn



Table 11: Corrected Hydrogen Vapor Pressure Isotope Effect in Fluoroform

T 103/T In f /f T In f /fe g  e g
No. (*K) (“k"1) (°K)

1 124.90 7.9305 0.30941-91 4.544
2 124.95 7.9771 0.35491-01 4.505
1 127.94 7.9223 0.35431-01 4.550
4 129.72 7.7499 0.34821-01 4.492
S 129.14 7.7423 0.37351-91 4.824
* 129.44 7.7137 0.34241-01 4.442
7 129.97 7.4941 0.34321-01 4.720
t 139.51 7.4422 0.33791-91 4.409
9 131.55 7.4017 0.33411-01 4.394

19 132.54 7.5449 0.32921-01 4.343
I t 133.91 7.5182 0.35731-01 4.753
12 133.53 7.4999 0.33991-01 4.524
13 133.71 7.4789 0.34221-01 4.570
14 133.75 7.4744 0.32851-01 4.394
IS 134.15 7.4543 0.33551-01 4.501
U 134.15 7.4543 0.32931-01 4.404
17 134.49 7.4245 0.33491-01 4.539
11 135.14 7.3997 0.33171-01 4.493
19 135.17 7.3981 9.33581-91 4.539
29 135.17 7.3981 0.32141-01 4.347
21 135.72 7.3491 0.34291-01 4.054
22 134.14 7.3443 A o 2b 3B*01 4.473
23 134.17 7.3438 A 4.050
24 134.44 7.3185 0.33131-91 4.527
25 134.44 7.3174 A i I 4.384
24 137.04 7.2971 0.33518-01 4.592

[ continued 1



[ Table 11; continued ]

T 103/T

No. <°K) <°K l )

27 137.14 7.2918
28 137.66 7.2643
29 137.78 7.2579
30 138.06 7.2432
31 138.16 7.2380
32 138.32 7.2296
33 138.44 7.2233
34 138.96 7.1963
35 139.06 7.1911
36 139.16 7.1860
37 139.18 7.1849
38 139.65 7.1608
39 139.75 7.1556
40 140.13 7.1362
41 140.15 7.1352
42 140.43 7.1210
43 140.79 7.1028
44 140.84 7.1003
43 141.15 7.0847
46 141.27 7.0786
47 141.41 7.0716
48 142.05 7.0398
49 142.17 7.0338
50 142.17 7.0338
51 142.53 7.0161
52 142.64 7.0107

I continued )

In f /f c g T In f /f c g
<°K)

32438-
33451-
31V0I-
32880-
32118-
31630-
31260-
31451-
32301-
30960-
32750-
31031-
32000-
31110-
30460-
31710-
31331-
30821-
30568-
31428-
30748-
31178-
30698-
29918-
30348-
30298-

4.448
4.603
4.396
4.339 
4.437 
4.375 
4.328 
4.370 
4.492 
4.308 
4.559 
4.333 
4.472 
4.359 
4.269 
4.453 
4.442
4.340 
4.313 
4.439 
4.347 
4.428 
4.363 
4.252 
4.324 
4.321



I Table 11; continued 1

T io3/t In f /f c g
Mo. CK) (°K_1)

S3 143.02 4.9920 0.31101*0
34 143.14 4.9642 0.30146-
53 143.24 4.9813 0.39426-
54 143.44 4.9418 0.39246-
57 143.74 4.9570 9.39146-
38 144.14 4.9377 0.29886-
59 144.44 4.9137 0.30528-
40 144.95 4.8989 0.30086-
41 144.98 4.8975 9.29B36-
42 145.14 4.8899 0.29786-
43 145.14 4.8899 0.29528-
44 143.74 4.8404 0.29806-
45 144.43 4.8432 0.29856-
44 144.14 4.8428 0.29906-
47 144.14 4.8428 0.29156-
48 144.55 4.6234 0.29406-
49 144.44 4.8194 0.29486-
70 144.49 4.8(71 0.29396-
71 147.15 4.7958 0.26796-
72 147.17 4.7949 0.28771-
73 147.43 4.7829 0.29236-
74 147.35 4.7774 0.29016-
75 147.40 4.7751 0.28896-
74 147.45 4.7728 0.29241-
77 148.15 4.7499 0.28508-
78 148.43 4.7372 0.28706-

[ continued ]

T In f /fc g
<°K)

4.44?
4.314
4.314
4.344 
4.334 
4.304 
4.413 
4.340 
4.323
4.322 
4.283
4.344 
4.342
4.344
4.240
4.308
4.322 
4.311
4.234
4.234
4.309 
4.280 
4.245 
4.317 
4.222
4.240



[ Table 11; continued ]

T i o3/t In f /I c
No. (“K> C k '1)

79 148.54 4.7313 0.2885
80 148.74 4.7222 0.2842
81 149.15 4.7047 0.2823
82 149.14 4.7042 0.2871
83 149.14 4.7042 0.2873
84 149.44 4.4914 0.2842
85 149.94 4.4493 fl yfl (9
84 149.94 4.4484 0.2824
87 150.15 4.4400 0.2798
88 150.44 4.4472 0.2817
89 150.44 4.4383 0.2828
90 150.45 4.4379 0.2821
91 151.13 4.4148 0.2800
92 151.13 4.4148 0.2788
93 151.14 4.4155 0.2749
94 151.44 4.4033 0.2788
95 151.94 4.5815 0.2742
94 152.14 4.5720 0.2743
97 152.18 4.5712 0.2749
98 152.35 4.5438 0.2750
99 152.47 4.5587 0.2755
00 152.44 4.5505 0.2754
01 152.44 4.5505 0.2742
02 153.12 4.5308 0.2732
03 153.14 4.5300 0.2715
04 153.14 4.5291 0.2725

[ continued ]

T In f Itc g
(°K)

4.216 
4.258 
4.210 
4.282 
4.285 
4.248 
4.254 
4.238
4.201 
4.237 
4.25V 
4.250 
4.231
4.214
4.184 
4.222 
4.194
4.174
4.214 
4.189
4.201 
4.208
4.185  
4.184 
4.158
4.174



[ Table 11; continued ]

T 103/T

No. (°K) (°K_1)

103 133.53 0.3123
too 133.07 0.3075
107 154.17 0.4803
108 134.30 0.4784
109 134.03 0.4002
110 134.77 0.4012
111 133.15 0.4454
112 153.13 0.4454
113 153.05 0.4247
114 155.94 0.4127
113 133.93 0.4123
110 130.10 0.4037
117 130.10 0.4037
118 157.12 0.3040
119 157.14 0.3038
120 157.10 0.3029
121 137.10 0.3029
122 137.24 0.3597
123 137.43 0.3320
124 137.02 0.3444
125 158.15 0.3231
120 158.17 0.3223
127 158.34 0.3155
128 138.07 0.3024
129 158.95 0.2913
(30 159.15 0.2834

[ continued ]

In f /f c g

27141-0
27211-0
27001-0
20931-0
27041-0
20791-0
20741-0
20711-0
20801-0
20431-0
20091-0
20401-0
20411-0
20331-0
20131-0
20221-0
20131-0
20321-0
20101-0
20221-0
25831-0
25941-0
25771-0
20031-0
23871-0
23371-0

T In f /fc g
CK>

4.108
4.192
4.102
4.100
4.101
4.140 
4.149 
4.144 
4.172
4.124
4.103
4.132
4.124
4.140
4.100  
4.121
4.100 
4.139 
4.119
4.133 
4.089
4.103 
4,081 
4.130 
4.112 
4.070



[ Table 11; continued ]

T 103/T

No. (°K) <°K-1)

131 1S9.2I 4.2802
132 139.31 4.2771
133 139.34 4.2480
134 140.14 4.2438
133 140.19 4.2424
134 140.24 4.2399
137 140.74 4.2212
138 140.74 4.2212
139 141.55 4.1900
140 141.48 4.1851
141 141.70 4.1843
142 141.94 4.1731
143 142.07 4.1702
144 142.13 4.1479
145 142.44 4.1483
144 142.94 4.1372
147 143.12 4.1305
148 143.17 4.1284
149 143.24 4.1252
150 143.44 4.1102
131 143.93 4.0994
152 144.13 4.0920
153 144.34 4.0842
154 144.73 4.0498
155 144.75 4.0498
134 143.14 4.0555

[ continued ]

In f It c g T In f /f c g
(°K)

4.084
4.089
4.044 
4.093 
4.088
4.045
4.041
4.045
4.042 
4.058 
4.025 
4.021 
4.040 
4.028
3.993
4.001 
4.027
4.002 
4.019 
3.977 
4.000 
3.979
3.994 
3.974
3.995
3.995

VO
O'



[ Table 11; continued ]

T i o3/t In f /fc g T In f /Ic
No. < • 1 0 C K -1) CK)

1S7 145.14 4.0547 4.23984-41 3.941
131 145.34 4.4474 0.23941-01 3.959
13V 145.37 4.43V7 0.24041-01 3.973
144 145.14 4.42V2 4.23454-01 3.954
141 144.12 4.41V7 0.23954-41 3.971
142 144.15 4.4147 0.23791-01 3.952
143 144.27 4.4143 4.23454-01 3.945
144 144.54 4.4431 0.23444-01 3.937
143 144.45 4.4044 0.23754-41 3.957
144 144.75 3.VV74 4.23421-41 3.939
147 144.7V S.V954 0.23444-01 3.950
141 147.14 3.VI34 0.23504-41 3.927
14V 147.34 5.V701 0.23434-41 3.924
174 147.74 5.9409 4.23344-41 3.914
171 147.14 5.9373 4.23444-01 3.935
172 147.V7 5.9534 0.23434-01 3.935
173 141.15 5.9471 0.23274-01 3.913
174 144.73 5.9244 0.23104-01 3.498
175 14V.4V 5.9140 0.23124-01 3.909
174 14V.14 5.9123 0.23414-01 3.492
177 14V.1V 5.9105 0.23074-41 3.903
171 14V.45 5.9014 0.23034-01 3.903
17V 14V.V4 5.1837 0.22794-01 3.173
114 174.34 5.1499 0.22754-01 3.875
111 174.44 3.8472 0.22714-01 3.870
112 171.04 5.1444 0.22444-01 3.872

[ continued ]



[ Table 11; continued ]

T 103/T

No. <°K) (gK_1)

183 171.14 5.1432
114 171.14 5.8425
115 171.55 5.1292
184 171.45 5.8251
117 172.11 5.8079
111 172.37 5.1015
119 172.74 5.7114
190 172.74 5.7814
191 172.15 5.7854
192 173.54 5.7417
193 173.94 5.7491
194 174.04 5.7458
195 174.14 5.7418
194 174.45 5.7323
197 174.44 5.7241
198 174.74 5.7221
199 175.15 5.7094
200 175.44 5.4935
201 175.44 5.4928
202 175.95 5.4834
203 174.14 5.4773
204 174.17 5.4743
205 174.34 5.4702
204 177.14 5.4444
207 177.53 5.4329
201 177.55 5.4322

[ continued ]

In f ft c g

.22511-

.22551-

.22441-

.22421-

.22331-

.22201-

.22211-

.22151-

.22131-

.21921-

.21171-

.21191-

.21141-

.21791-

.21711-

.21441-

.21511-

.21481-

.21491-

.21341-

.21311-

.21401-

.21301-

.21011-

.21041-

.21041-

T In f /f c g
(°K)

3.152
3.840
3.150
3.849
3.845
3.124
3.134
3.827
3.825
3.804
3.804 
3.110
3.804 
3.801 
3.792 
3.781 
3.710
3.773
3.774 
3.759 
3.744 
3.770 
3.757 
3.735 
3.738  
3.734



[ Table 11; continued 1

T 103/T

No. (°K) (°K-1)

M t  177.M  3. *230
210 171.13 3.4137
211 171.23 3.4107
212 170.44 3.4041
213 171.74 3.3741
214 177.54 3.5471
213 177.34 3.3472
214 177.41 3.3474
217 177.75 3.3433
210 177.73 3.5571
217 100.14 5.3312
220 100.74 3.3247
221 101.03 5.3233
222 101.13 3.3207
223 101.14 5.3200
224 101.23 5.5172
223 101.44 5.3054
224 101.47 5.3045
227 102.30 5.4055
220 102.35 5.4940
227 102.33 5.4840
230 102.75 3.4440
231 103.54 5.4470
232 103.43 5.4457
233 103.44 5.4454
234 104.13 5.4307

( cont

In f I f  c g T In f I f  c g
<°K)

0 20700-01 3.731
0 2073 -01 3.727
0 2071 -01 3.727
0 2002 -01 3.714
0 2074 -01 3.712
0 2040 -01 3.479
0 2040 3.477
0 2057 -01 3.474
0 2050 -01 3.404
0 2030 *A1 3.409
0 2047 -01 3.491
0 2027 -01 3.471
0 2021 -01 3.440
0 2024 -01 3.470
0 2023 -01 3.443
0 2022 -01 3.445
0 2020 -01 3.449
0 2011 -01 3.454
0 1777 -01 3.443
0 1773 -01 3.434
0 1774 -01 3.440
0 1704 *01 3.430
0 1771 -01 3.417
0 1744 -01 3.411
0 1777 -01 3.431
0 1757 -01 3.407

]



[ Table 11; continued 1

T i o3/t In f /f c g T In f !\c
No. (°K) (“k'1) (°K)

233 164.58 5.4177 0.193V6-41 3.584
234 164.44 5.415V 0.1V476-Q1 3.3V3
237 184.73 5.4127 0.1V446-01 3.593
231 I84.V7 5.4«43 0.1V416-61 3.5V0
23V 163.21 3.3VV3 ft.1V416-«t 3.594
24* 115.42 5.3674 4.1V346-41 3.38V
241 IB5.V4 5.3781 0.1V226-61 3.373
242 114.64 5.3744 0.19220-01 3.374
243 184.24 5.3488 0 .1V I26-91 3.541
244 184.33 5.3442 0 .IV 126-41 3.543
243 187.13 5.343V ft .10940-01 3.346
244 167.14 5.3434 0 .16940-ftl 3.344
247 167.14 3.3434 4.I8V4I-91 3.347
241 167.34 5.3322 4.(8831-41 3.334
24V 187.43 3.32V4 ft.fftVftft-ftt 3.544
23ft 168.13 5.3133 •.18746-91 3.324
231 168.33 5.3093 ft.1B4V6-«1 3.521
232 166.42 3.3417 0.18466-01 3.324
233 186.84 S.2V4V 0.11576-ftt 3.304
234 16V.22 5.264V 0.1B556-ftt 3.510
255 16V.43 5.272V 0.11406-01 3.489
234 16V.44 3.2724 0.18446-01 3.342
257 18V.V3 5.2431 0.18356-41 3.484
23ft IVft.15 5.23V6 4.1B2V6-41 3.478
23V IVft.34 3.2482 4.18226-01 3.472
24ft 1V I.13 3.2313 0.1B0V6-41 3.458

[ continued ]

00 
T



[ Table 11; continued ]

T 103/T

No. <°K) (“K-1)

191.24 S .2290
191.44 3.2234
191.43 3.2114
191.47 3.2173
192.43 3.2974
192.15 3.2943
193.92 3.1491
193.12 3.1711
193.14 3.1774
193.43 5.1445
194.24 3.1483
194.43 3.1380
195.12 5.1231
193.12 5.1251
193.14 5.1243
193.45 5.1112
194.02 5.1413
197.93 5.9749
197.12 3.9731
197.13 5.9723
197.15 5.9723
197.44 5.9592
198.10 5.4480
198.44 5.0342
199.13 5.0213
199.41 5.4998

[ continued ]

8149-01
8018-01
7999-01
7999-91
7948-01
7889-01
7719-41
7494-41
7709-01
7349-91
7544-01
7409-01
7349-01
7319-01
7309-01
7089-01
7049-01
4909-01
4934-01
4919-01
4939-01
4739-01
4459-01
4439-01
4559-01
4319-01

T In f /fc g
(°K)

3.470
3.449  
3.447
3.449
3.449 
3.434
3.417
3.417  
3.419 
3.399 
3.411 
3.384 
3.387
3.377
3.377 
3.342
3.339 
3.330
3.339 
3.334 
3.337 
3.304 
3.298 
3.303  
3.297 
3.254

101



[ Table 11; continued ]

T 103/T

No. <**K) (°K-1)

217 199.44 S. 0083
288 208.13 4 .m i
289 201.13 4.9714
290 203.14 4.9227
291 203.17 4.9220
292 203.14 4.8747
293 207.13 4.8279
294 212.14 4.7134

In f ff c g T In f /fc g
(°K)

0.14340-0
0.14381-0
0.14191-0
0.13901-0
0.15771-0
0.13370-0
0.14890-0
0.11880-0

3.243
3.279
3.234
3.231
3.204
3.133
3.083
2.94s

i

102
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Figure 22. Corrected H/D Vapor Pressure Isotope Effect in Fluoroform
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VI. DISCUSSION

Referring to Figures 22 and 21 for the D/H and 12/11 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

(A(T In f /f )/A(l/T)) are positive, and c g
2. The 12/13 effect is inverse with a slope (A(T In f /f )/A('./T))c g

that is negative.

The 12/13 VPIE measured compares reasonably well with the distillation
13 12results, on natural abundance C-fluoroform, of Borodinsky, et. al.

(cf. Figure 23). Any discrepancy in results can be attributed to prob­

lems associated with the distillation technique. Also for qualitative
3comparison, the H/D VPIE(— -) and 12/13 VPIE( ) for methane, methyl

32fluoride 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

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

(ACT In f /f )/A(l/T)) whereas methane and methyl fluoride have positive c g
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 3N-6 x 3N-6 vibrational secular equation for the 

gas phase and a 3N x 3H secular equation for the liquid phase. Within 

the framework, of the Simple Cell Model, Harmonic Oscillator and B o m -  

Oppenheimer approximations, this problem can be treated by standard
33methods of normal coordinate analysis. The Wilson F-G matrix procedure

provides a mathematical tool for the vibrational analysis and computer

programs for performing such calculations on high speed machines have
34been developed by Schachtschnelder and Snyder. There are two programs, 

the first calculates the G 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 IndependentA#
force constant matrix, F, to solve the secular equation

|JK - - 0 . w - o )
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mtĴt [V]

12 13Figure 23. C/ C Vapor Pressure Isotope Effects from Differential
12Manometric and Distillation (♦) Measurements



1 0e 975 6

lO^T I V ]

Figure 24. Comparison of Vapor Pressure Isotope Effects in Methane, 
Methyl Fluoride and Fluoroform



- 108 -

where £ Is Che Identity matrix and X Is the eigenvalue. The vibration 

frequency is obtained directly from

- 4it2 v 1  2  VI-(2)

The second program, which solves the secular equation, was modified by 

Bigelelsen and Ishida to calculate the reduced partition function ratio, 

as defined in equation I-(12), as a function of temperature. The 

program was further modified, for this particular application, to allow 

for series of changes in the liquid F 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
12 13used is that based on carbon-12 ( C “ 12.000000 amu, C ■ 13.003334

19amu, H ■ 1.007825 amu, D ■ 2.0144000 amu, F - 18.998400 amu).
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Table 12

Definition of Internal Coordinates for Fluoroform

Coordinate number Definition

1 C-H stretch

2 C-F stretch

3 C-F stretch

A C-F stretch

5 H-C-F bend(b)

6 H-C-F bendtb)

7 H-C-F b e n d ^

8 F-C-F bend(b*

9 F-C-F bendtbJ

1 0 F-C-F bend(b)

Refer to Figure 25 for the schematic diagram of Internal 
coordinates.

^  Weighted by the C-F bond length, 1.322 X.



Table 13

Cartesian Coordinate Definition for Fluorofom

Atom X Coordinate Y Coordinate Z Coordinate

0.000000 0.000000 0.000000

H 0.000000 0.000000 1.098000

F2 1.083050 0.625299 -0.458505

F3 -1.083050 0.625299 -0.458505

0.000000 -1.250599 -0.458505
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*C_ „ -1 .°9 I A 

*1.332 X

W f*110*08, 
4,-c-F*10ir48‘

Figure 25. Internal Coordinate Definition for Fluoroform



Vic. Gas Phase £ Matrix of Fluoroform

The gas phase £ matrix used for this study is that of Borodinsky,
1 2Wick, Mayfield and Ishlda. The description of this force constant 

matrix is given in Table 14. The gas phase frequencies produced with 

this £ matrix are compared to that found in the literature in Table 15. 

As can be seen, this £ 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 Fluoroform

Diagonals Off-diagonals

Description Notation
Value
(mdyne/X) Notation

Value
(mdyne/X)

C-H stretch fD 5.0000 fDd 1.1720
C-F stretch fd 6.0179 dd 0.7499
HCF bend fa 0.4913 Da -0.1674
FCF bend fe 0.7646 fDp 0.1674

da
da*
dfJ
dp'
aa
BP
ap
ap*

0.1943 
-0.26 57 
0.2560 
-0.1808 
0.0393 

-0.0973 
-0.1517 
-0.2667

The internal coordinate system consists of one CH bond stretch Dt three CF bond stretches d, 
three HCF angle bends a, and three FCF angle bends 8 . All bending coordinates are weighted 
by the equilibrium C-F bond length of 1,332 X. An F-matrix element with one subscript is a 
diagonal element, and one with two subscripts is an off-diagonal element. When two off- 
diagonal elements are listed for a similar interaction, e.g., f ^  and f(ja ', 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. 
1.332 X, aQ(H-C-F)

The molecular geometry used^:
108° 48'110° 08*, and pQ(F-C-F) =

Dq(C-H) - 1.098 X, d0 (C-F)



Table 15
Frequencies of Gaseous Fluoroform

Molecule Mode
Experimental (cm *) Calculated 

(cm *)i 36Long „ . 37 Galasso 38D’Cunha W i l t 4 5

W 3035 3031 3031 3035 3036.224
v 2(A3) 1137 1140 1140 1141 1138.888
v 3(A3) 700 700 700 693 701.408

V E) 1376 1372 1372 1377 1380.999
v 5(E) 1152 1152 1152 1158 1151.835
V « 508 507 507 508 507.690

vi(V 2257 2273 2257 2261 2256.455
v 2(A1) 1 1 1 0 1109 1109 1 1 1 1 1109.181

w 693 693 693 694 690.428
M4(E) 1 2 1 0 1207 1207 1 2 1 1 1205.379
v 5 ( E ) 977 974 974 975 973.713
v 6 ( E ) 502 504 504 502 500.657

W 3025 3026.179\>2<Al) 1116 1108.880
v3^A1̂ 695 699.294

VE) 1368 1371.870
v5(E) 1132 1125.381
v6(E) 507 506.739

l2 CHF3

1 2 CDF3

1 3 chf3

114
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VId. Liquid Phase £ 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 motions. 

The Schachtschnelder-Snyder £ 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, especially for low boiling compounds such as fluoroform.

The experimentally observed vibrational frequencies, 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 £ matrix was adjusted until the calculated 

and experimental results matched. The gas phase £ matrix with trans­

lational force constants (T„ ■ T„ ■ T_ ■ 0.01 radynes/X) and rotationalA  I L

- - 0 . 0 1  mdynes-X) 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 f_, f ., f , f_.u  d  a  D a

and f,., corresponding to the C-H stretching, C-F stretching, HCF aa
bending, CH-CF interaction and CF-CF Interaction force constants, 

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

force constants (R~



Table 16
12Observed Frequencies of C Liquid Fluoroform

Mode Glockler^ (cm Rank^ (cm

Vj^W) 3062 3062

v2W) 1117 1117

y3W) 697 697

v4(£) 1376 1376

v5(ff) • • •  1160

v6(£) 508 508
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force constants and the corresponding ones In the gas phase £ matrix as

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

The Increase In f_ and decrease In f . are consistent with the observedD d
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 "loosening-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 VP1E using the above 

Internal force constants and diagonal translation (mdynea/R) and rotational 

(mdynes-X) force constants of 0 . 0 1  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 is 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 DT^, dT^i 

aTz and $TZ , 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.
12al. Their results indicate the need of large internal-external force



Table 17

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

Force Constants (mdynes/X) Liquid Frequencies (cm *)
Gas Liquid3 Calculated Observed

fD 5.0000 5.0726 3062.03 3062

fd 6.0179 5.9097 1375.65 1376

f 0.4913 0.4872 1159.70 1160a
*

•

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

aT^ * Ty “ “ 0 . 0 1  mdynes/R and “ R^ * 0 . 0 1  mdynes-X



Table 18

Comparison of Calculated and Observed 12/13 VPIE and H/D VPIEa for Fluoroform

12/13 VPIEb (°K) H/D VPIEb (°K)
T(“K) Calculated Observed Calculated Observed

140 0.3634 -0.79 1.7200 4.41

i

165 0.3522 -0.67 1.6884 4.04

190 0.3439 -0.59 1.6678 3.52

a£ (liquid) defined in Table 17

bT In f it c 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 is Indicated even though their 

Internal force constant description of the liquid Is considerably differ­

ent. Utilization of their liquid £ 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 UBing their J£ (liquid) 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£ matrix. Only the 12/13 VPIE and COT3  liquid internal frequencies were 

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 as to produce 

external frequencies of reasonable magnitude (50-100 cm . The 12/13 VPIE 

and H/D VPIE generated by using this liquid £ matrix, which will be defined 

as F \  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 £ matrices were tested

to see if the slopes for the 12/13 and H/D effects could be increased.
1  8These trial liquid £ matrices (F£ -*• ) 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  8calculated internal and external frequencies for -*• F& and the 

experimentally observed internal frequencies are listed in Table 22.



Table 19
^ Matrix of Liquid Fluoroform**

Diagonals (mdyne/X)*
Off-dlagonals
(mdyne/X)**

C-H stretch 
C-F stretch 
HCF bend 
FCF bend

y
Tz
«x
*y

5.0726
5.9097
0.4872
0.7650

0.20
0.20
0.40
0.20
0.20
0.05

For definitions of the internal coordinates and F-matrix element notat
**A11 F-matrix elements are in the units of mdyne/X except f , which areK

dd
Dd
Da
DB
da
da'
d(S
dB*
aa
BB
aB
aB'

DTZ
dTz
aTz
BTZ

0.5650
1.0400

-0.1674
0.1674
0.1943

-0.2657
0.0256
-0.1808
0.0393
-0.0973
-0.1517
0.2667

-0.73
0.13
0.13

-0.13

ons see the footnote of Table IV. 
in the units of mdyne X.
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Table 20
Three Basis Sets of £ Matrix Elements for Liquid Fluoroform

« u
A B C

D 5.0726 5.0000 4.8147
d 5.9097 6.0179 6.2063
dd 0.5650 0.7499 0.8594
Dd 1.0400 1.1720 0.4744
D0 0.1674 0.1674 0.3104
Da -0.1674 -0.1674 -0.3104
d0 0.0256 0.2560 0.2560
d0’ -0.1808 -0.1808 -0.1808
da 0.1943 0.1943 0.1943
da’ -0.2657 -0.2657 -0.2657
6 0.7650 0.7646 0.7654
0 0 -0.0973 -0.0973 -0.0973
a 0.4872 0.4913 0.4895
aa 0.0393 0.0393 0.0413
a0 -0.1517 0.1517 -0.1252
a0' -0.2667 -0.2667 -0.2402
Tx 0.20 0.01 0.30
Ty 0.20 0.01 0.30
TI 0.40 0.01 0.30
Rx 0.20 0.01 0.10
Ry 0.20 0.01 0.10
Rz 0.05 0.01 0.10
DTZ -0.73 0 -0.84
dTz 0.13 0 0.84
aTz 0.13 0 0.30
0T2 -0.13 0 -0.30
A is l th the best single matrix for the liquid
B is Ft2; internal part is as per the gas
C is f/ ; as per reference 12



Table 21

Trial F (Liquid) for Fluoroform

internal/ T In fc/f8 VPIE 0 140°K - VPIE 0 190*KI internal external3 external 12/13 H/D

1 A A A -0.689
-0.676
-0.658

4.058
3.975
3.912

#K
140
165
190

12/13

-0.04

H/D

+0.15

2 B T-.01
R-.01

0 0.0177
0.0166
0.0157

0.0225
0.0191
0.0166

140
165
190

+0.002 +0.006

3 C T-.01
R“ .01

0 1.903
1.908
1.917

-22.844
-22.827
-22.788

140
165
190

-0.02 -0.06

4 C C C -0.403
-0.350
-0.282

-20,952
-20.944
-20.903

140
165
190

-0.12 -0.05

5 A C C -2.093
-2.052
-1.996

3.873
3.820
3.787

140
165
190

-0.10 +0.09

6 A (except 
C-H
C-F as per

C

ref. 12)

C -0.830
-0.788
-0.734

-11.281
-11.336
-11.370

140
165
190

-0.10 +0.09

EXPERIMENTAL DATA * -0.79
-0.67
-0.59
{continued]

4.44
3.97
3.49

140
165
190

-0.20 +0.95



[ Table 21; continued ]

internal external
internal/
external

T In f /f P &12/13 H/D VPIE @ 140aK - VPIE g 190°K

Tz=l.00 
Tx,y“0*50
Rz

y-1.00
6.25

-0.357
-0.394
-0.412

5.248
4.967
4.755

°K
140
165
190

12/13

+0.05

H/D

+0.49

8 T-.50 
R=. 50

DTZ«8TZ— 1.° 
dTz*aTz=1.0

-3.426
-3.457
-3.437

5.166
4.984
4.870

140
165
190

+0.01 +0.30

EXPERIMENTAL DATA: -0.79
-0.67
-0.59

4.44
3.97
3.49

140
165
190

- 0.20 +0.95

T in units of mdynes/K. and R in units of mdynes-%



Table 22
12CHF^ Frequencies Produced from Trial £ (liquid)

F ( l i q )
ii #2 #3 #4 #5 #6 #7 #8 EXP.

V1 3063 3036 3061 3062 3063 2986 3063 3064 3062

v4 1376 1381 1376 1376 1376 1380 1376 1376 1376

v5 1160 1152 1160 1160 1160 1188 1160 1160 1160

V2 1118 1139 1109 1117 1127 1140 1118 1170 1117

v3 697 702 677 697 697 702 697 704 697

v6 508 508 508 508 508 509 508 508 508

X1 83 19 19 126 142 141 187 361 —

*2 83 19 19 85 85 85 187 132 -

X3 70 16 16 85 85 85 138 132 -

X4 70 16 16 59 59 59 110 110 -

X5 67 16 16 59 59 59 110 110 -

x6 31 14 14 44 44 44 69 98 -

Note: are the internal frequencies in cm ^

are the external frequencies listed in descending order (cm
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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. and
g

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
4 3 6and very large external frequencies are produced. and

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 £ matrices fail to show the marked temperature 

dependency that Is observed experimentally. It is felt that these 

trial £ 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 £ 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 is 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 is 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 

DT^ force constants were adjusted to simulate a change in temperature 

and the 12/13 VPIE and H/D VPIE were subsequently calculated. The Z 

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 1 0.05 mdynes/S in an effort to simulate the effects of a temperature
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change of 165°K ± 25°K produced no significant change In the T In 

vs 1/T plots for either the 12/13 or H/D effects. However, changing DT^ 

(-0.73 mdynes/&) by ± .12 units produced an Interesting result. It gene­

rated a result which reproduces the observed result for both effects.

The results for changing and DT^ are given In Table 23 and 24, and the 

DT_ results are plotted In Figures 28 and 29 for the 12/13 VPIE and H/D 

VPIE, respectively. The description for the final liquid £ matrix for 

fluoroform, ^ ( T ) , is given In Table 25. This temperature dependency in 

DTg also reproduces the observed Internal frequencies and generates 

"reasonable" external frequencies. These results are given in Table 26, 

and the calculated frequencies for all isotopic species using ££(T) are 

in Table 27.

The fact that changing T didn't produce a significant effect
it

whereas DT did is reasonable if one considers that T_ is an Indication
id M

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 DT is more orientation dependent in that it is the level of
id

interaction of specifically the C-H motion with the external field along 

the Z-axls, 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.



Table 23

Effect of Changing f on 12/13 VPIE and H/D VPIE3 for Fluoroformz

T(°K) Tz(mdynes/X) 12/13 VPIE3 n o H/D VPIE3 (“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 0.35 -0.67 -0.59 3.91 3.49

4 T In f /{c g

k Note F * used



Table 24

Effect of Changing f on 12/13 VPIEa and H/D VPIE3 for FluoroformDTg

T(°K) DT (mdynes/X)z 12/13 VPIE3 (°K) H/D VPIEa (°K)

140 -0.85

Calculated

-0.74

Observed

-0.79

Calculated Observed 

4.47 4.44

165 -0.73 -0.67 -0.67 3.97 3.97

190 -0.60 -0.61 -0.59 3.47 3.49

3 T In f /f c g

k Note used
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Table 25
Final J£ Matrix, ^(T), of Liquid Fluoroform

Diagonals (mdyne/%)*
Off-diagonals
(mdyne/ft)^

C-H stretch 
C-F stretch 
HCF bend 
FCF bend

5.0726
5.9097
0.4872
0.7650

0.20
0.20
0.40
0.20
0.20
0.05

dd
Dd
Da
D6
da
da*
de
de’
aa
38
a8
ap'

DTZ
dTz

aTz
8T_

0.5650
1.0400

-0.1674
0.1674
0.1943

-0.2657
0.0256

-0.1808
0.0393

-0.0973
-0.1517
0.2667

•0.73 + 5.0xlO~3<T-165“K) 
0.13 
0.13 

-0.13

For definitions of the internal coordinates and F-matrix element notations see the footnote of Table IV. 
^All F-matrix elements are in the units of mdyne/£ except f^, which are in the units of tndyne X.



Table 26
Calculated Internal and External Frequencies Using ^(T)

Calculated -1 12Frequencies (cm ) CHF„ f™,j m 2 (mdynes/R)

Experimental (cm *) 
frequencies -0.85 -0.73 -0.60

V1 3062 3062.68 3062.52 3062.38

y4 1376 1375.65 1375.65 1375.65

V5 1160 1159.70 1159.70 1159.70

V2 1117 1118.45 1118.45 1118.45

V3 697 696.85 696.84 696.85

V6 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

R
X

- 69.7 69.7 69.7

Ry
- 69.7 69.7 69.7

R - 30.9 30.9 30.9z
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Table 27

Calculated Internal and External Frequencies for Liquid Fluoroforn Using J^CO at T*165°K

1 2 - 1  1 3 - 1  1 2 - 1CHF3 (cm ) CHF3 (cm ) CDF3 (cm )

V1 3062.52 3052.38 2274.71

v4 1375.65 1366.12 1211.48

v5 1159.70 1133.46 1086.61

v2 1118.45 1090.09 972.00

V3 696.84 695.03 687.46

v6 507.86 506.90 500.70

TX 83.4 83.3 81.7

Ty 83.4 83.3 81.7

Tz 66.8 66.7 66.3
RX 69.7 69.2 69.1

Ry 69.7 69.2 69.1
Rz 30.9 30.9 30.9
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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-shlft of the C-H stretching frequency of 

fluoroform upon condensation. The large external-internal Interaction 

force constants used to reproduce 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 Tin vs
13 121/T. On the other hand. Figure 21 shows for the C/ C substitution

an inverse VPIE at all temperatures and a negative slope In the plot.

How Is this marked difference between two substitutions possible? In

both substitutions the molecular symmetry does not change (C^). The

molecular mass Increases by the similar amount (by 1 arau) in both cases,

so that the translational contributions to the overall T ln(f /f ) isc g
similar for both cases. The change in the principal moments of inertia

in the D/H-substltutlon is somewhat greater for the D/H substitution 
13 12than for the C/ C substitution, 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 contribution to T ln(f /f ) would not be so differentc g
between the two isotopic substitutions.
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Internal vibrational contributions to T ln(f /f ) may be expressedc g
as a sum of 3N-6 independent contributions. When the temperature Is not

sufficiently high (hv^»kT), the vibrational excited states are not

accessible and they do not contribute appreciably to the partition

functions. These ground state contributions to T ln(f /f ) are depictede g
In Figure 29. It is noted that the internal vibrations usually red-

shift upon condensation and only in rare occasions does a vibrational

frequency blue-shift upon condensation. When it does, an Internal

vibration contributes positively to ln(fc/f^). 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
13 12large in the D-for-H substitution, while it is small for the C-for- C 

substitution. If the C-H stretching frequency were red shifting upon con­

densation, its contribution to T ln(f /f ) would have been that of thec g
R2-line of Figure 30 for D/H and that of the Rl-line of Figure 30 for 
13 12C/ C. Since all the other vibrational frequencies red-shlft upon con­

densation, the sum of the "External" line and all the red-shlft lines

would have yielded a plot for the D/H-substitutlon which would lie
13 12below (more Inverse than) the corresponding plot for the C/ C-sub-

stitutlon. 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 B1 or B2 line of Figure 30.

Thus, for the D/H-substltutlon, the C-H stretching contribution is like
13 12that of the B2-llne, while for the C/ C-effect, the contribution is
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that of Che Bl-line. The sum of the "External" line and B2-line thus
yields a straight line with the positive slope in the positive VPIE-
reglon when the temperatures are not sufficiently high for the Boltzmann
excitation to set in for the C-H stretching mode. On the other hand,

13 12since the isotope shift upon C-for- C substitution is so small
-1 13 12 -1(10 cm for C/ C, as compared to 780 cm for D/H), the magnitude

of its contribution to T ln(f /f ) is very small (Bl-llne), resultingc 8
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 is 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 ST0-3G 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 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 
lccal/mole dimer (or -0.36 kcal/mole monomer) with the equilibrium H***F
distance of 2.34 X, corresponding to the carbon-to-carbon intermolecular

o 41separation of 4.83 A. These are in fair agreement with a published
Lennard-Jones1 12-6 potential constants e ■ 0.391 kcal/mole and
a  m  4.26 X, the latter being obtained from the second virlal coefficient
of gaseous CHF^. These equilibrium intermolecular separations are also
in surprisingly good agreement with the molecular volume data: At -95°C

42(178°K), the molar volume of liquid fluoroform is 23.33 ml/mole, the
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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 ft.

A hydrogen bond with an energy of the order of 0.4 kcal/mole la a 

very weak one compared to bona-fide hydrogen bonds having the bond 

energies of the order of 5 ^ 20 kcal/mole. The fact that the liquid 

molecular volume data gives the average Intermolecular separation 

(4.31 ft) which Is similar to the equilibrium distance (4.83 ft) obtained 

by the M.O. 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 CHF^ 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-H****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 distribution 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 bond1' is as weak (^ 0.4 kcal/mole monomer) as in CHF^, 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?
Chloroform, an accepted and well studied proton donor, undergoes
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43no shift of Its C-H stretching frequency when dissolved in such

electron donor solvents as ketones and nitriles. In CC1, solutions of4
strong proton acceptors such as pyridine-d^ and dimethyl sulfoxide-d^,

44the spectral shifts were found to be in the order CHBr^ > CHI^ >

CHCl^t 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 model the potential energy and the kinetic

rr,

energy are given by

2V - (rj-i-^)2 + f2 <r2-r2Q)2

- f 1 (ArL)2 + f2 (AR-Ar^2

“ (fl+f2J (Ari)2 " 2f2 4RArl + f2(AR)2 * VI-(3)

2 • 2and 2T - mtAr^ + M(AR) , VI-(4)

where f^ and f2 are the harmonic force constants, r^^ and are the 

equilibrium distances, Ar^-r^-r^, AR^R^-^o* ant* AR-R-R^, Rg being 

equal to r^g+T20’ an<* ** is a certain reduced mass of the two-wall 
system. The eigenvalues of this two-dimensional problem are:
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l± ■ ISS ( * V [M(fl+t2)-h.£2]2-*«H£l£2 ) VI-<5)

X+ of Eq. VI-(5) corresponds to the C-H stretching frequency, and it can 

be approximated by

U.+(u{j> ̂ -]2 " S 77
+ -------------------- 1  L .  • v i-C 6)

1+<14TJ> f f

where Aq - f^/m, the eigenvalue of a free C-H stretching motion. When

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

- 1 , VI-(7)
o

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

A+  f 2
a t t  • v><8)o 1

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

value of f^ in the numerator becomes smaller than the f^ value in the 

denominator. Apparently for bona fide hydrogen bonds, f^ in the 

H-bonded configuration which we might call f^ is so small compared to 

the f^-value of a free C-H configuration that the relation,

*i +  f2 < <i ► VI - (9)
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Is satisfied, thus leading to the red-shlft. A further analysis of the 

quantity given by Eq. VI-(6) as a function of two ratios, ra/M and

f^/f^t has proved that A+ is always greater than as long as f2 is 

positive. Therefore, the condition, f^ < f^, is the necessary con­

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

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

the ratios m/M and and if this minimum decrease in is not met,

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

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

element is considered :

ffl, m.

© — ■— © "  

H r’" +

m.

<D

2 2 
2V - fi^x2-xl“rl0^ + f2^X3-X2_r20^ + 2f12 (x2_xi~ri o ^ X3_x2_r20^

and * 2 - 2  • 2 2T ■ u*]*! + m2x2 + m 3x3

VI-(10) 

VI-(ll)

The standard transformation to the internal coordinate system yielded

2V - f j U r ^ 2 + f2(Ar2)2 + 2f12(Ari)(Ar2) , VI-(12)
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2T - Ui.23(Ar1)2 + U3_12<Ar2)2 + 2 (ir^ (i^) , VI-(13)

where — -—  - —  + — ~—  , VI-(14)
pl-23 ml m2 3

and — -—  - —  + — . VI-(15)
U3-12 m 3 ml 2

One of Che roots of this secular problem A+ can be approximated by

where

- (1 + —  , ■ ) (1 - (1 - x) , VI-(16)A r« d *o 1 1

f f (m.+nu)
X - - — — -— —  , and VI-(17)

2ni2(m1+m3) ^fif2~f12̂
m ln,3 W V

VI-(18)

Eq. VI-(16) reduces to Eq. VI-(8) when f ^  “ 0, m 2  an^ m 2 << m 3 * *n
the limit of heavy and

V  *l+^2-^ 1 2 ±£ f VI-(19)
o 1

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

“internal" motion, which is the C-H stretching motion, and the "external"
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motion represented by the distance between ir^CH) atom and m^(F) atom. A

positive tends to give a red shift, while a negative tends to

lead to a blue shift. Numerical restriction on the absolute magnitude
1/2of f^ 2  a stable configuration is given by f ^  < * Since

»  f£» bi8Ser than f^ and thus become more important

than fj in its role in the blue-shift/red-shift argument. The role of

fi or rather f „  has already been explored and the result is con- ± I DTZ
sistent with and is supported by the above vibrational analysis of 

hydrogen bonded models of liquid fluoroform.
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Vlf. Concluding Remarks

To summarize, the following has been shown:

1. The need of a temperature dependent force field, specifically the

f__ element, In order to reproduce the observed VPIE In fluoroform,DTZ
2. Observed temperature dependency Is associated with intermolecular 

association, specifically weak "hydrogen bonding,"

3. The liquid £ matrix Is consistent with the experimentally observed 

vibrational frequencies,

4. 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

5. Models of the weakly hydrogen-bonded system support the liquid £ 

matrix formulated and observed C-H blue shift upon condensation.

To gain further insight into this problem, the VPIE for ^ 2 * 2  and 

CF^ should be investigated as well as detailed liquid and solid phase 

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

in the series.
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APPENDIX A

Ab-Initio Calculations on Model CHF^ Dimer Systems
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Calculation Description
Hydrogen bonding interactions could be expected to 

occur in CHF^. This is reasonable judging from the polarity and sub­

stituents. In order to get Borne idea of the extent of this interaction 

as well as the structure of the interacting system* quantum mechanical

calculations have been carried out on CHF^ monomer and four basic dimer
1 2  3 4configurations. Various investigators * * * have applied ab-initio 

molecular orbital studies to interacting systems, especially to hydrogen 

bonding. This approach has met with a good deal of success both quali­

tatively and quantitatively.

Gaussian 70,^ a Fortran IV ab-initio SCF molecular orbital routine 

was used in studying intermolecular interactions in CHF^. Gaussian 70 

utilizes gaussian functions to describe the basis set. The basis 

functions are chosen to be fixed linear combinations of gaussian 

functions, for example

G (a,r) - (2a/ir)'^ exp (-ar^) A-(l)s

and

G (a,r) - (128a^)/x^)^^x*exp(-ar^) . A-(2)
px

The use of these gaussian functions allows the explicit integration of 

the Hamiltonian operator.

Two types of baBis sets are made available as part of the program,
6 7 8 9the minimal STO-NG * and extended N-31G * sets, however, provision is
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made for Input of a n y  basis sets such that a maximum of 70 basis 

functions is not exceeded. The ST0-3G basis set was used In examining

the Interactions between two CHF^ molecules. In Table A1 are found the

basis set descriptions used for CHF^ calculations. Presently only 

calculations of CHF^ dimers have been considered, however, polymers of 

up to six CHF^ monomers can be performed using Gaussian 70.

Dimer Configurations

The number of viable geometric forms of two interacting molecules 

is limited if a hydrogen bonding interaction Is expected. The four 

basic dimer configurations and the dimer internal coordinates con­

sidered for each are shown in Figures Al, A2, A3, and A6.

In order to achieve internal consistency of results, the geometry

of the CHF^ monomer was first optimized starting with experimentally 

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 A1

CHFj Basis Set Description (STO-3G)

ATOMIC ORBITAL GAUSSIAN FUNCTIONS
ATOM NO. TYPE SCALE FACTOR EXPONENT S COEF P COEF

C 1 IS 5.67000
7.16168D 01 
1.30451D 01 
3.53051D 00

1.54329D-01
5.35328D-01
4.44635D-01

0.0
0.0
0.0

2 - 5 2SP 1.72000
2.94125D 00 
6.83483D-01 
2.22290D-01

-9.99672D-02
3.99513D-01
7.00115D-01

1.55916D-01
6.07684D-01
3.91957D-01

H 6 IS 1,24000
3.42525D 00 
6.23913D-01 
1.68855D-01

1.54329D-01
5.35328D-01
4.44635D-01

0.0
0.0
0.0

F1 7 IS 8.65000
1.66679D 02 
3.03608D 01 
8.21682D 00

1.54329D-01
5.35328D-01
4.44635D-01

0.0
0.0
0.0

8 - 1 1 2SP 2.55000
6.46480D 00 
1.50228D 00

-9.99672D-02
3.99513D-01

1.55916D-01
6.07684D-01

4.88589D-01 7.00115D-01 3.91957D-01

[ continued ]



[Table Al; continued]

ATOMIC ORBITAL GAUSSIAN FUNCTIONS
ATOM NO. TYPE SCALE FACTOR EXPONENT S COEF P COEF

F2 12 IS 8.63000
1.66679D 02 
3.03608D 01 
8.21682D 00

1.54329D-01
5.35328D-01
4.446350-01

0.0
0.0
0.0

3 - 1 6 2SP 2.55000
6.46480D 00 
1.50228D 00 
4.885890-01

-9.99672D-02 
3.995130-01 
7.001150-01

1.55916D-01 
6.076840-01 
3.919570-01

F3 17 IS 8.65000
1.66679D 02 
3.03608D 01 
8.21682D 00

1.54329D-01
5.35328D-01
4.446350-01

0.0
0.0
0.0

8 - 2 1 2SP 2.55000
6.46480D 00 
1.50228D 00 
4.88589D-01

-9.996720-02
3,995130-01
7.001150-01

1.55916D-01
6.076840-01
3.91957D-01
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Figure Al. Dimer Type A Configuration
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Figure A2. Dimer Type A* Configuration
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Figure A3. Dimer Type B Configuration
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Figure A4. Dimer Type B' Configuration



Table A2

Comparison of Experimental and Calculated Results for CHF^

EXPERIMENTAL CALCULATED

rCH (an8stroms) 1.098 1.11817

rCJ1 (angstroms) 1.332 1.36981

FCF angle (deg) 108.8 108.801

HCF angle (deg) 110.1 110.133

U (debyes) 1.65 1.110

(mdynes/angstrom)Ui 5.0000 7.0155*

fCF (mdynes/angstrom) 6.0179 8.7258*

Deviation from harmoniclty Is less than 0.1 ppt.



Table A3
*CHF^ Cartesian Force Constants

ATOM FORCE CONSTANT (mdynes/angstroms) a.d.(ppt)**

C X X 12.4609 3.3
yy 12.4487 3.8
zz 12.5185 3.5

H X X 4.8469 0.7
yy 1.2680 0.5
zz 3.2036 0.6

F1 X X 7.4273 2.4
yy 1.0727 1.6
zz 3.4261 2.0

F2 X X 1.3185 5.3
yy 6.1437 4.0
zz 3.7603 1.8

F3 X X 1.3185 5.3
yy 6.1437 4.0
zz 3.7603 1.8

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



- 164

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

the least squares reduction.

Results

The extent of interaction experienced will be measured by the 

amount of stabilization energy, AE, achieved.

AE ■ Et  (dimer) - 2Et (monomer) , A-(3)

where E_ is defined as T

E_ “ E . . + E . A-(4)T Electronic nuclear

where E„, . and E„ , refer to the total electronic and nuclearElectronic Nuclear
repulsion energy, respectively.

Following are summarizatlons of results obtained for each dimer 

configuration:

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

corresponding to r„_ ■ 2.3 angstroms, a ■ 60 deg, B w 0 ■ 235 deg (cf.Hr X y
Figure AS). The stabilization energy was found to be relatively insen­

sitive to changes in a. The bending motions 6x and By show a minimum in

the potential at +/- 45 deg for 6 and +45 deg for 3 . These results
y

indicate that there would be free rotation about the z axis and bending

motion unhindered to angles of +/- 9 0 deg for temperatures as low as

150#K. Plots of the stabilization energy vs r, a, B » B can be seen iny x
Figures A5, A6, A7, and AS, respectively.

2. Dimer Type A'(DT-A*): A slight stabilization of -0,15 kcal/mole
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was found for this configuration. Calculations for a * 0 and 60 degrees

show little change in the potential with variations of rcg until the

nature of the interaction becomes repulsive. The minimum in both cases 

was found to occur at rgg - 5.0 angstroms. Plots of AE vs rgg 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 rgg ■ 4.1 angstroms (refer to Figure A1Q).

4. Dimer Type B* (DT-B'): Two thermally distinct energy minima 

were found for this configuration. A AE of -0.50 kcal/mole at

rgg ■ 4.2 angstroms and y ,y ' * 0,0 degrees, and a AE ■ -0.22 kcal/mole 

at Tgg - 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 "strong" Van der WasIs interactions or "weak" hydrogen bonds. The 

essential difference between these two configurations is the linearity 

of the C— H ....... F interaction. In 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, looking at the contributions to the total energy 

as well as the results in Figures A10 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 is shown in Figure 

A12. 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.^ 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 density. 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 

caBe. From Table A6 it can be seen that the charge re-dlstrlbution 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



Table A4

Overlap Population Condensed to the Interacting Atoms In Dimers A,B



Table A5

Electron Density Condensed to Atoms

atom/system Monomer DT-A DT-B

H.

11

12
13

5.628

0.932

9.147

9.147

9.147

5.632

0.925

9.148

9.148

9.148

5.630

0.925

9.152

9.146

9.146

H„

21
F,22
23

5.628

0.932

9.147

9.147

9.147

5.626

0,929

9.153

9.145

9.145

5.630

0.925

9.152

9.146

9.146

175



Table A6 

CHF^ Energy Distribution (AU)

Component Monomer DT-A DT-B

gelectronic -462.232852 -1048.629294 -1062.201307

^nuclear 130.132801 384.428291 398.000302

^total -332.100050 -664.201003 -664.201005
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require a more quantitative decomposition of the stabilization energy

Into electrostatic, polarization, exchange, charge transfer and coupling
^ 3components.
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pr*a

Figure A12, Charge Redistribution for Dimer Types A and B
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APPENDIX B

Infra-Red Spectroscopic Investigation 

of Association in Gaseous Fluoroform
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Infra-Red Spectroscopic Investigation of Association In Gaseous Fluoro- 
fona

In most cases of hydrogen bonding, a red shift upon association Is 

observed.^1 However, calculations on the frequency of the C-R stretching 

mode as a function of force constants for the linear and bent triatomlc

dimer models (C H--— F) indicate that a blue Bhlft would occur upon

association. It is believed that the large blue shift of 30 cm * in the 

C-H stretching frequency in going from gas to liquid is related to 

association of CHF^ monomers. We propose such a temperature dependent 

association in the liquid phase for CHF^, based on the available experi­

mental data and quantum mechanical calculations on dimers of CHF^ which 

have shown that the most stable dimer forms exhibit stabilization 

energies of ^ 0.7 kcal/mole-dimer. If such an association was appreci­

able, it might be possible by careful observation of the spectra to see 

a frequency 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 

associated 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 CHF^ was taken at three temperatures over 

the frequency range of 2990 cm ^ to 3100 cm T>500°K, T“300°K, and 

T-200*K. The spectra were taken on a Beckman IR 12 using cells fitted 

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 coll 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 to indicate the 

temperature of the gas. Due to the difficulty of measuring the tempera­

ture of the gas or the pressure of the gas 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 coll 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 resolution 0.5 cm . 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:

A2(g> Z  2A(g) , B-(l)

where A is the CHF^ monomer and the dimer. The equilibrium constant 

can be expressed as

* - ■ ! ! = § ? £  . B-C2)

where X is the fraction of dimer. K is given as^

_ 2. 3/2 -hwc/kT. -AE / kT
k . . e° (̂ kT) . V  _ w

2 / ? m  r h A e

where T and P are the temperature in deg-K pressure in atmospheres,

respectively, g^ is the electronic degeneracy, m^ is the mass of CHF^

(AMU), to is the H F vibrational frequency (cm *), r is the carbon-£
carbon length (X) and AE is the stabilization energy of the dimer6
(cal/mole-monomer). Evaluation of this expression for various values 

of the hydrogen bond strength and pressure as a function of temperature 

yields 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



Coolant Inlet-Outlet Ports

O-ring connector

Sample' 
Inlet Port

Vacuum Jacket

KBr Window

Cooling coil

Figure Bl. Low Temperature Gas IR Cell
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Figure B2. High Temperature Gas IR Spectrum of
the C-H Vibrational Manifold in Fluoroform
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Figure B3. Low Temperature Gas 1R Spectrum of
the C-H Vibrational Manifold in Fluoroform
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Table B1

Peak Assignment for the C-H Stretching Frequency 

in CHFj{g) Between 2990-3100 Wavenutnbers *

Peak Observed v 
cm-^

Literature v
cm-l

Assignment

3034.8 3034.2 \>x ( C-H) 12C

Rotational envelope

3024.4 3025,0“ v1(C-H) 13C

H 3029.4 3031.4 Hotband

3040.1 3042.0 Impurity?
Possible Fermi Resonance?
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CHF^-dimer model systems:

%  -  r C— C -  5-0 X

(jo ■ wA A ■ 100 cm *

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 B2

CHF^ Dimer Fraction at Various Temperatures* 
Pressure and Stabilization Energies*1

P = 0.01 atm P = 0.10 atm P - 1.0 atm
T(“K) AEga “ 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

AEg in units of kcal/mole-monomer

Units of percent



- 190 -

References

1. Vinogradov & Linell, Hydrogen Bonding, (New York: Van Nostrand
Rheinhold Co.), 1971.

2. A. Ruoff, Spectrochimica Acta 27A, 1359 (1971).

3. P. J. Wilt, J. Mol. Spec. 58, 76 (1975).

4. H. D. Rex, J. Chem. Phys. 21, 1077 (1953).

5. F, T. Wall, Chemical Thermodynamics. (San Francisco: W. H. Freeman
& Co.), 1974.



- 191

APPENDIX C

Computer Programs:

1. CRYPTIC - CRYostat Pressure Temperature

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



u
u
u
o
u
u
o
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u
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CRYMTAT PRESSURE/TEMPERATURE INTERACTIVE CONTROL PROORANIKIO/NAIN

TN1I MOTHS All 1101 TIC UOER TO ENTER IMATCVER COROUTINE SECURER 
TO PERF0RN TIC K0IREI TASK, THAT I*;T,P NEAR OR HEATER ARJ,ETC

CRYPTIC/NAIM 
KM tVERSION It i/21/TV 
ANTHONY N. POPOOXCZ

BOUBLf PRECISION IRHU#«),AIOP<100>,IP31 !1M),IP21(100>,SP11<100), 
•TLMP1 < TOO I ,TLNPR< t Ml ,TLNP3<10#I
RINCNSION TEMP(2,7) ,MNPF (7) ,POHRF (7) fHINM(7) ,P(7) ,RATE<7), 

.RELTAI7)
COMMON /ILK 1/TEMP,2ERR 
CONNOR /ILK2/P 
CONNON /CJO/TCIIMCVCLE 
COMNON /BLK4/RTUT,IPRT
CONNON /WO/TOM.AMP ,IPI1,»P21,1P11,TUIP1,TLNP2,TLNP1,2P0IRT 
CONNON /ILK4/0VT,FRRl,RLlN>DANPF,POVftF,UINM 
CONNON /ILK7/T0ET,TINC 
CONNON /SLKO/RATE 1ELTA 
M I  1*1,7 

3 P(I>-0.0 
1PQZNT-0 
CALL INOTR 

9 IERR-0 
10 33 2*1,3 

10 If(ITTOUR("0O7).NE.0> 00 TO 10 
31 CONTINUE 

TTPE 101
101 FORMAT!//' *KM* (12>t '«

ACCEPT 102,1ROOT
102 FORMAT(12)

00 TO <14,24,34,44,94,44,74,04,74,104,114,124),XROOT 
00 TO 9 

14 TYPE 111
111 FORMAT!//' RQOTE*TCAR (11>T '0)

ACCEPT 1I2,IQK 
IF (10K.U.0) 00 TO 9 
CALL TCAR 
00 TO 9 

24 TTPE 121
121 FORMAT!//' ROUTE-STAR !IUT 'V)

ACCEPT 112,100
IF UOK.EO.O) 00 TO 9
CAILRTAR
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80 tO 9
34 type u i

131 FDRMATC//' ROUTE-HANAR (IDT '•> 
ACCEPT 112,18*
IF <10K»EQ.0> M TO 3
pai i myyi
30 TO 3 

44 TTPC 141
141 FORMAT( / / '  MOTE-IMUTO (11 >T 'M  

ACCEPT 112,10*
IF (10*•ED.A) 00 TO 3 
CALL HAUTO 
00 TO 3 

34 TTPC 131
131 FORMAT(//" ROUTE-PT1N (11>T '«> 

ACCEPT 112,10*
IF (lOKvEfl.Ol 00 TO 3 
CALL PT1R 
00 TO 3 

44 TTPC 141
141 FORMAT!//' ROUTE-MUTER (IDT '*> 

ACCEPT 112,10*
IF (1DK.EQ.A) 00 TO 3 
CALL MUTEM 
60 TO 3 

74 TYfC IPI
171 FORNAT<//' ROUTE-INPUT (IDT '• )  

ACCEPT t12,10*
IF (10K.EA.0) 00 TO 9 
CALL INPUT 
00 TO 3 

44 TTPC 101
101 FORMAT!//' ROUTE-DOUMP (IDT 'D  

ACCEPT 112,10*
IF (10K.E0.01 00 TO 3 

HUMP 
00 TO 3 

04 TTPC 191
191 FORMATI//' ROUTI-PREOO (IDT '41 

ACCEPT 1t2,X0K 
IF (10K.E0.4) 00 TO 3 
CAU PRESS 
00 TO 3 

104 TTPC 1101 
1101 FORMAT( / / '  R0U1E-1MRTR (IDT '*> 

ACCEPT 112,10*.
IF (IOK.EO.I) 00 TO 3 
CALL IMRTJI 
00 TO 3 

114 TYPE 1111
1111 FORMAT( / / '  ROUTE-CONV (IDT '4)
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ftCCEPI m tT M  
IF <UK.Cft.O> 90 TO 9
gall cam
Oft TOO 

124 TTPC 1121
1121 FOUMTI//' ROUTE "EXIT (11 IT '• )

ACCEPT 112r10K 
IF (IflKalft.O) 00 TO 9 
TTPE 1121

1131 FQMAT(//T10r'  CRTPTXC EXIT— RUR TERHINATEB 
CALL EXIT 
CUB



u
u

u
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u
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u
o

u
u
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CRTPTIC/TCARi OUtROUTINE «1

THIS ROUT INC NEAIURCI TIC TEMPERATURE! OF TIC CRYOOTAT 
COMPONENT! TUCK OVER * OPECIFIU PCMU IF TIRE.
THE ROUTINE CALCULATE! TEMPERATURE CMAMQEt MU TIC 
RATE OF CMAMIE PER COMPONENT AMI PROVIDES A 
PRINTOUT OF THXI INFORMATION.

TCARaVEIIXQN Of 0/21/79 
ANTHONY M. POPOOXCZ

OUtROUTINE TCAR 
CONNON /0LKI/TCNP,1ERR 
CONNON /OLMl/TCUT,1CYCLE 
COMMON /RU7/t«ET,?lNC 
COMMON /RLKI/RATCtOCLTA
OIMENOION UATA<2,7),0ATA<2,7>,ICHAN(7),IBaNCC7) 
XAI1R*”177090 
IA0ftJF-a177002 
lCHAM(1>«a13 
2CNAN(2)*a418 
ICNAN(3>>al019 
lCNANH)«al419 
ICNAN(9>-a2019 
XCNANU>*a2419 
ICMAN(7)«a3018 
X10ME(1>«a214 
INNE<2)*a014 
IMNE<2>«a1214 
IMNE<4)"a1414 
lMNE19)*a2214 
IB0NEU»a2014 
1NNE(7>>*1214 
ITRY«I 
ICYCLE-0 

9 10 2 I«1t7 
CALL IPONC(IAMRfICHAN<Ill 

19 ITCtT-ZPEEKUABON)
IF (ITEOT^O.lBONEdll 00 TO 39 
IF (ITEOI.OI.IOONCtll) 00 TO 29 
00 TO 19
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29 TTO 11,1
11 F0RMT1//T10,' tCAl PI09LER OR CMRRRCL 0 ',111 

M 10 9999 
39 19*1411TIY,l>-XnEKUA91UF>

19*141 XHY,I>*I9ATA< ITRY,1 >-• 17000*
3 COHTIRIKxnt-iiiiw

URC1*9C£K99(0.>
49 TXRC2*KCNBS(TIIK1>

V  (TUK2.1T.TCRT) M TO 49 
IF (ITST^T.2) 00 10 99 
00 TO 9 

99 90 11 1*1,2 
10 13 >1,7
9ATA11 ,J)*4JFLT (19*7*1X, J) >

13 C0RT1RUL 
90 23 >1,2 
90 23 >1,7
9*T*(X,'I>*9A1*(X,J>«20.000/4094.0 

23 C0RT1MIK 
90 33 1*1,2
TERF(I,1>*207.t4-40.91*«9*TAtX,1><»4.229t*t9*T*(tvn**2>*0.47499*t9 

.41*11,I)*«3>-273.I9
TERP<X,2>*2i4.23-39.7O1«9*T*tI,2>H.O049«(9*T4(l,2>**2>-O.433O1*(9

.*T*U,2)m 3>*273.I9
TERP1X,3)*2Sf.30*44.149*9*TA11t3)+4.91t9*(9AT*1I,3)**2>«0.49431*19 

.AT*(1,3)*«3>*273.13
TERPtl,4>*2OO.03*42.7OI*9ATA(I,4)44.O97A*(0ATA1I,4>**2>*0.73749*19 

-AUUf4>**3>-272.13
TERPU,S)*207.74-42.903*9*TA( 1,9 >♦* .*939* 19*T* 1X ,9>**2 >-*.*9291 *19 

•ATA(1,3)**1>*273.10
TERP1X,*> *299*37*47,917*9*141X,4 >*9.9273*19*T*(1,4)**2 > *0•70990*19 

.AT4(1,A>**3>-273.I9
TERP1X,7>*294.34-47.424*9AT*(I,7>*9.0374*194TA1X,7>**2>-0.77014*19 

.ATA(1,7>**3)*273.19 
33 C0RTXRUE 

90 43 XM,7
9ELT411 >*TEfT (241-TKHF11, X)

43 MTEU)*9ELl*1D/TCtfT 
XCYCLE"XCYCLE+I 
TYPE 21,1CVCU

21 F0RNAT1//T49,' REA9 i  ',I4//T39,' Hi ',T49»' U  ',199,' 99 ',T45,' 
. 99 ',T79,' *9 '.TOO,' LC ',T99,' IK '//T20,' -------------------------------

1 rr B r Tl i ■■■ii 1 , Jf *- ITT-

*90 93 1*1,2
TYPE 31,TERF(X,1>,TCRF(X,2),TEIIF<X,3),TERP(I*4>,TENP<1,3),TEHP1X,4 

•),TERF(l,7>
31 FOORAII///' TEHF (OH C)l ' (71M0.3>>
93 COiTIRRE

TIPI 41,9KLT*(1>,90.14(2),90.14(3),9EL1*(4),90.1*19),9ELT*(4>,9ELT
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j m
41 FSBMTI///' KLTA (BOB C)l ',7(FU.J>>

ITFC SIfB4T£( 1),U?E<2> tftATt(3> ,IATCM>fMTCC3>»MTEM),MTE(7> 
St FOMMTt///' MTC <BM/SCC>i ',7<F1t.S>>

I T W M  
SO IS «••• 

f t f t  1EMN1 
•MS COMTtWK 

RCIUM
sin
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CRYPTIC/NTAll SUORQUTIME 02

thu routine measures m  temperatures of the cryostat
COMPONENTS HUM PLATINUM RESISTANCE THERMOMETERS.
SUE TS THE FACT THAT TNI CAPILLARIES ARE NOT E8UJPPES SITM 
UITN PIT'I THE THERMOCOUPLES ARE USES IN TNIS CASE.
TEMPERATURES,TEMPERATURE CHANOES ANS THE RATE OF CHANflE 
ARC OETCRNINEO FOR EACH COMPONENT,AM PRINTOUT IS 
PROVINCE* TUO NEASURENENTS ARE MARE OVER A
SPECIFIES TINE PERIOO. ALSO TUO PRCCXOIONO IN THE A/O CONVERSION 
ARE AVAlLA0LCil20IT/1SSIT PRECISION. THE LEVEL OF PRECISION 
IS OETCRNINEO OT THE LEVEL OF THE REFERENCE VOLTAOE FROM THE 
MTU VOLTAOE CALI OUT ION SOURCE,THAT IS A REF VOLT. RE AT El THAN 
O.S VOLTS CAUSES THE ROUTINE TO PERFORM THE IS SIT MEASUREMENT. 
NOTE THAT THE TINE OETUEEN READ IMS USINO PIT'S U THE 
SPECIFIES UAIT TIME PLUS 40 SECONDS(EXTERNAL ELECTRONICS 
SETTLINO TINE).

STARtVERSION 01 0/20/7*
ANTHOMT N. POPOUICZ

SUSROUTIME STAR
CONNON /SU1/TEMP,IUR 
COMMON /SU4/RTUT,IPRT 
CftfllflM /BLKI/RATE.OELTA
OINENSION 1MTA(2,7> ,MTA(2,7), XOAOOf A), IOAOF (A> 
OINCNIION ICHAN(2>,I00NE(2),JA0BR(2>,JB0NE(2>,SCALE<2)
iprt-o
ITRT-1
10000(1 >-*170440
I0A0S(2>-*17O44A
UA00(2>-*17O44A
I0AM(4)-*1F04SA
I0A00(9>-*1704SA
10AOO(A)-*1704SA
I0ASF(1>-*4Mt
IOA9F(2>-*4002
IBAOF(1>-*4004
IOASF(4>-"4001
IOAOF (S>-*4002
10AIF(4>-*4004
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lCBANm>*2419 
ICHAN<2>*"»tS 
U0tK(t)»*24l4 
U0ISt2)«*3214 
JA09ft<1)«*4401 
JA900(2)«*440S 
JMK(1>«*4400 
JB0NE(2»*4404 
XF0ECi1)*12 
1F0KC(2)S19 
9CAL£<1 >-10.00 
9CALIC2>-1.000 
U M >a!77M0 
XAUF>*177002 

9 CALL lP0a<*174444,*4000>
CALL IF0KE< *170404,*4000 
CALL IF0KE(XA99t,*9001)

IS ITCST-XPUXtIAMBI
IF (ITUT*U.*S2M) 90 TO 29 
IF UTC0T.0T.*S200> 60 10 29 
00 TO IS

29 TTFt 11
11 FQ0NAT(//T10,' AEAB FK09LCM ON CHAN 01HVRCF) ')

00 TO W»f
39 IREF-1FEEK <IA1IF)

XftCF«XNEF-*170000
49 VREF-AJFLT(lttF)

gftEF-«RCF*10.000/4094*A 
IF (WCF.aC.0.90 ) 00 TO 99 
> 1
00 TO 40

99 > 1
40 CALL tFOttl*170444,*4000)

CALL IPOKEt*170494,*4000)
CALL XF0KE(I0AM(4),X0A0F(4))
T1NC1>SCCNBS(0.0)

49 T1NE2-9CCNUUINE1)
IF (TXNC2.0C.9.0) 00 TO 79
oo to a

79 CALL IFONCt XAMR,*4401)
09 KTEIT-1FCEK (IAOflft)

IF UTKST.C0.*44O0> 00 TO 109 
IF (ITESTaOT**4400) 00 TO T9 
00 TO 01

T9 TYPf 21
21 F0INAT<//T14,' KAO POOBLtN ON CHAN OIOIVOIO-MF/FOT) '1 

00 TO TTTT
109 IAEFMIFEEf UAB9F)

IREF0*UCFft-*170000
OCFO-AJFLTUOKFO)
NCFN-REF0410.000/40T4.0
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U S  M  A 1*1 rS
CALL 1F0KC(*17A444,*4000)
CALL 1F0KE<*170490,"40001 
CALL XFONE(XBABBU),IBABF(I))
T1NE1-MCNBSC0.0)

129 TIN£2*«E£MBt(TINE1)
IF UXNE2.BE»9.0) M 10 119 
•0 TO 129 

139 CALL IFOKE<XABM,JABOR<J))
US 1TEBT*IBEEE(IABBR>

IF CITCBT.EO.JBONEU>) 00 TO IAS 
IF (ITUT.ST.JBONE(J)) 00 TO I9S 
OS TO 14S 

199 TYFE 11fI
31 FQRHAT(//T10,' SCAB PROBLEM OR CHAR OIO(VOIO) FRT i  M l)

ot to mo
US IBATA<XTRY,I)*IPEEK<14BIF)

IBATAiITR1,11*IBATA(1TOY,II-" 170000 
BATA<XTRY,I)-AJFLT<IBATA<XT»Y,X»
OATAt ITOM U(SATA( 1TOY 11)74004.«>«SCALE t J)*VREF-REFR 

I  CONTINUE 
M  13 1*1,2 
N-KS
CALL IP0KE(XABSR,1CUAN(I>)

175 XTEST*1PEEE(XABSR>
IF <1TEBT.ES.1B0NEU)> 00 TO 109 
IF (XTEST.BT.IBONEU)) 00 TO 109 
SO TO 179 

109 TYFE AM
41 FORMAT(//T10,' REAI FROBLEN ON CHAN 0 M l)

00 TO 0000 
109 lftATAt XTRY ,M) ■ VEER (IABIF)

1BATA(XTRY,M»1BATA( ITRY,N>-* 170000 
BATA(ITRY,M)*AJFLT(IBATACITRV,N))
BATAtITRY,0>»BATAtXTRVtNU20.000/4004.0 

13 CONIXiUE 
ITRY-ITRY41
IF <ITRY.LE*2> 00 TO 119 
BO 23 t -M
TERF(1,1)*3*3S90/BATA(1,1)♦34.070*2.2000«BATA<I,1)*2.2442E-03«BATA 

.11,1 )M2*S, 020AE-04*BAT A (1,1 )«*3-273.19
TWO(I,2>«2.092R/BATA(l,2)«30.043«2.2742*BATA(I,2)♦!.4030£-03*BATA 

. (1V2)*«2-2.2144E-00«BATA<l,2>**3-273.19
TCNFf1,3)*3.0400/BATA(I,3)«30.0B342.247UBATA(1,3)«2.1020E-03«BATA 

.<lf3U*2-4.1024E-04*BATA(I,3>*»3-273.19
TCNPU ,4)*3.4700/SATA< X,4U31.3S4*2.2400*BATAC 1,4 M2.05731-010 AT A 

. ( X,4M*2-3.7BS7E-04*BATA<1,4>«*3-273.19
TMfU,5> -3.0110/BATAC l,5M3l.434+2.2432*BATA< 1,8 M2,1399E-0KBATA 

. (!,9>M2-4.1014E-04'BATA( I»S)««3-273.1S
TENrU,4)*20S.37-47.B17«BATA{X,4M9.0273*OATAU,4>**2-0.70PPO*BATA

.(1,4)*«3-273.1S
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CRYPTIC/MAHANi SUBROUTINE «

THIS ROUTINE ALLOW ABJUSTHCMT OF THE VARIOUS CRYOSTAT 
MEATUS rtM  THE CONSOLE TERMINAL. THE OPERATOR SPECIFICS 
HNSCO HCATUt ME TO IE MJUOTEI, THE ROUT IRE THEM REOUESTO 
THE FEftttlT POHER TO OE SUPPLIES TO THOSE PARTICULAR 
HEATERS. THU IHFUT U THEM REBUCEB TO A FORMAT HH1CH 10 
CDMPATABLC NITN THE 0/A CONVUTCRS. THE ROUTINE THEM 
0UER1ES THE OFCRATOR UZTM THE IHFUT JUST SUFFLIEO, IF 
THE OFERATM IS SATISFIES IUTM THIS AS INPUT TO THE ft/A'O 
THEN THE ROUTINE LOANS THE O/A'S ANN RETURNS TO KM.

HAMAHiVERSIOH 01 0/2f/7t 
ANTHONY M. POPOUICZ

C
C

SUIR0UT1ME HANAH 
COHHQN /BLX2/F
OXHENSIOH U(7>vV(7)t IBABI(7>,I)ABF<7),lN(7)
IBABBm-”170444
IfeAM<2>>"170442
XBAM(3)*M70440
1BAM(4)*"1704S0
1BAB»<S)>M704S4
1BAUU)**1704S2
1»AU< 7 >■•170444
U<I)»P(1>«.1707
U(2)*P(2>».2S29
U(»*P<3>*.02S4?
U(4)«P<4>*.4442 
U(9)-P<9>*.4370 
UU)-PU>*.1JM 
U(7)*P(7>«.04027 

S M I 1*1*7 
3 IHU>*0
1 FORHAT(///TIO,' MANUAL HEATER ASJUSTi ')

TTPE 11
11 F0RNAT<///T10,' CURRENT POWER LEVEL LISTINO BC8ZRCKID? '%) 

ACCEPT 2,IUST
2 FORMAT(11)

IF (ILIST^E.O) 00 TO IS
TTPE 21,P<n,P(2),P(3>,P<4),P(3>,PU>,?(7),V(1>,U<2),H<3),U<4>,U(3
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• )pfT¥T,VY71 
TYN 1

21 FORMAT(S//T24p' 9M1 ' PT34P' LM2 'J44 ,' N>1 ' .W , ' USM ',144, 
AMS ',T74,' Cl>4 ',TS4P' IM7 V /T 20 ,'--------------------------------------

!(4XVF4.2)//T14V' 1M0L»>'//T10,7<4X,t4.3)//T1«,'-----------------------~. ')
IS TYPE It
SI FORMAT ( / / / I I0 ,' NEATERS(O) TO ASJOSTfLIST HR FORMAT)T 'I)

ACCEPT 4 ,10(1),1H(2),1NC3),1H<4),!H<3),XH(4),IH(7)
>0 SI Ml *7
00 TO (115,125,135,149,159,149,173),INII)
00 TO SS 

119 TTPC 111
lit  FORMATC//T10»' ZPSH(LItT SIR) > '4>

ACCEPT tfP II)
00 TO S3 

129 TYPE 121
121 FORMATC//T14,' ZPLOILIST SIR) • '4>

ACCEPT 4,p(2>
00 TO 33 

139 TYPE 131
131 FORMAT(//TIP,' ZPRKL1ST SIR) * 'I )

ACCEPT «,P(3)
00 TO 33 

149 TYPE 141
141 FORMATC//T10,' ZPUSILIST SIR) • '•)

ACCEPT *,P(4)
00 TO 33 

199 TYPE 151
191 FORMAT(//Tl#,' ZPA9(LIST SIR) • '«)

ACCEPT *fP(9>
00 TO 33 

149 TYPE 141
141 FORHAT(//T10,' SPCL0.I9T SIR) • '41 

ACCEPT «rPU)
00 TO 33 

175 TYPE 171
171 FORMAT(//TIO,' SPIBILIIT SIR) ■ '4)

ACCEPT *,7(7)
33 CONTINUE

U(1)-P<1)4.1747
U(2)aP(2)«.2UP
U(3)«P(3)*.S2347
U(4)«PU)*.4442
U(9)«P(9)4.4370
ll(4)-P (4)4.1343
H(7)«P(7)4.A4027
V(1 )«0.24414R0RT(U(1 ))«A.SM
M(2>-0.19f94S0RT(U(2))+4.942
V(3)-2.4034t0RT(tt(3))♦4.944
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CRYPTIC/NAUTOl SUBROUTINE 14

THIS ROUTINC AUTOMATICALLY ASJUST THE CRYOSTAT HCATCRS 
(EXCEPT FOR THE 1RICR SHULR HEATER) USIHR SATA QBTAXMEI 
FROM CALLING TCAR OR RTAR. THE FEEBBACK LOOIC I I  ESSENTIALLY 
A PROPORTIONAL CONTROL TYPE OITH RU1LT IN SANPIHO AMO POUEI 
FACTORS. ALSO THUE ARC POUER LOCI FUTURES FOR EACH 
NEATER SO AS HOT TO FORCE THE POUCH SCTTIROS TO ZERO. THIS 
ROUTINE ATTEMPTS TO MAINTAIN THE APPROPRIATE TEMPERATURE 
S1FFERENTIALS IETHEEO ALL CONPONUTB UP TO TSCT EXCEPT FOR THE 
RCSULATCI SHIELB SUE TO ITS LAROE HUT CAPACITY TO POUER RATIO. 
ALSO THE SAMPLE HOLIER TEMPERATURE IS FORCES TO IE LOUER THAN 
ANY OTHER COMPONENT TEMPERATURE THROUGHOUT THE ENTIRE CONTROL 
PROCESS.
TO LOOP OUT OF THE CONTROL PROCESS TYPE A CHARACTER!CR) ON THE 
CONSOLE TERMINAL UITN1N RUT AFTER NEARING THE CONSOLE KLL 
SOUNO. A CHARACTER IN THE NO SUFFER MILL RETURN CONTROL TO KM. 
AN EMPTY BUFFER HILL CAUSE MAUTO TO PERFORM ANOTHER CONTROL 
CYCLE BEFORE A MB OUERY HILL BE ATTEHPTEB AGAIN.

HAUTOaVERSIOM 01 P/477?
ANTHONY N. POPOUICZ

SUBROUTINE NAIITO 
CONNON /BLM1/TEMPtIERR 
COMMON /ILK2/P
CONNON /BUU/OHT,FRtS,RLXH(»ANPF,P0URF,UINBO 
COMMON /BLX7/TICTVTINC 
CONNON /BUS/RATE, BELTA
BIMERSION BT<7>,N<7),IBASB<7MBASF<7),U<7>,V<7)tTI<7)
H*A
TS(1)a0»0 
TO (2)-0*2 
TS(l)-2.0 
TS(4>-0.2 
TS(5)a0»2 
TSM>»0.2 
TS(7>»0.2 
TTPE 1

1 FORMAT<///T14,' AUTO HEATER ABJUSTi <0-TCf1>RT) SENSOR TYPET '♦>
ACCEPT S'lBEM
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2 FMAATUIJ 
CALL TCM
IF UEMMC.O) CO TO tm  
M  3 1*11?
N(I>-0

3 BT<1>-T9ET-TENF(2,IHTIU>
9 IF U«tM.U.1> 00 TO 19

CALL TCAft 
00 TO 20 

19 CALL ITAt
30 IF (1EM.NE.4) 00 TO ft??

IF (1X0.0) 00 TO 29
THU-A81N1<TCNF(2,2),TENF(2,4)tTEI»<2,9>,TEIIP(2,4>tTIHr<2,7) 
IF (TNM.9I.TINF(2,I)) 00 TO 29 
F(t»0X  
00 TO 39

29 >0 33 1-1,0
IF a.EO.2) 00 TO 33 
T-TE0F<2,I>
Q-TOET-T+TKI)
IF <0.0T.(IIItB0<I)) 00 TO 119
OMtATKD-RLtN
IF (O.OC.O.OOOO) 00 TO 149
IF (RATEiX>.02.0.0) 00 TO 129
N(1)-N(X)M
00 TO 149

119 IF (RATE(I>.8T.2.02-03> 00 TO 149 
8(l)-M(I)4l

149 F(I)<M2**IMI>)*<< tT9ET*T4T0(I))/9T(I)*F0MRF(I)*8AHFF(I))
00 TO 33 

129 ru > -ru i 
33 COOT HUE 

T-TENF(2,3>
0-TttT-T*T»(3>
IF (O.LE.UI090(3)> 00 TO t99 
F- <TI£T-T*T9<1>)/3T (3>
IF (F.1X.FRR9) 00 TO 191 
F<3)-fOUOF<l)*IAHFF<3)
00 TO IAS 

199 IF (1AIE(3).OE.O.O) 00 TO 149 
0<3)-M(3>«1

149 F(1)-(2**N<3))• (UT9ET-T*T9tl>)/9T<3)>*F0U8F(1)«9AHFF<3>)
39 90 43 1-1,4

FT-F0tMF(I)*9ANFF(L)
IF (F(I)XT.FT) 00 TO 179 
IF (F(X)*LT.O.O> 00 TO 109 
00 TO 30 

179 F<X)-FOWF*IAIIFF(I)
00 TO 10 

189 FCI)-0*0
30 TYFE 11,1,F(1)
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n raMur<7/Tivv’F~ v < iM i,'»  ' , fio.2>
41 CUT INK

uci»r<i>*.i747
»C2»F(2>«.2039
U<1>>9(3>*0.42147
U<4>*H4)«.4442
U(l»9t3>«.4342
0(4)>F(4)*.1191
V< I >M .2441 *«MT <U<1 >) *0.548
V<2>-0.13»*M *T<U <2> >*4 .342
V(1)«2.M1*S0KT(H(1) >*9.149
9< 4)>4.99407>80iT (1114)) *4.331
V(5»4.99440*S0BT(N<1>>*4.499
9<4»4.3121*t8NT(0<4> >*4.999
IBAIBU >>*174444
XBABB(2>>*174443
XBASBC3>>*174444
XB*BB(4>>*179410
XBABB(3»*174414
XBABBU»*179412
BO 33 I>l,4
B4IF(I>><-V<l>*2440«4/14.94>*2044.4 
lBABFtX)>UtT<BABF<I)>
1MBF (U>*Bt( XMBPt 1 > >
CALL XFOKCf2MBB<l>,lBABF(I>)

11 CONTXNUt 
BO 43 1*1 rl  

14 IF <ITT0Uft<*007>.NE.0> 00 TO 10 
41 CONTINUE 

TTME 21
21 F0BNAT(//T14,' OUEBY TIME') 

TINE1>IECNB0(0.Q>
43 TXNE2>3ECNBt<TXIIE1)

IF <TliE2.0C.0UT> 00 TO 13 
00 TO 41 

83 XCNAR*XTTXMKO
IF <1CHAB.0C.4> 00 TO 9999 
N-A*1 
00 TO 3 

9999 C0BT1NUL 
OCTUBN 
EMI
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CRYPT1C/PTINI SURROUTINC OS
THtt ROUTINE ACCEPTS INPUT FROM THE CONSOLE TERMINAL.THIS INPUT CONSISTS OF TNC PRECISION SAMPLE HOLIER PtT THE SPIRAL OUARTZ OAIIOE. COUNTER R U I 1 N  M UTNC CAPACITANCE OSNSE OISNALf* TNC ROUTINE AVCRAOES NULT1PU INPUTS OF THE 1 A M  PRINT IF SO RESIREIfTNCN PCRFORNS TNC NCCESIART CONVERSIONS ON TNC RAN IIONAL. IT ALSO CALCULATES TNC APPROPRIATE TLNP'/P SATA ANI STORES THE RESULTS FOR A RATA •UNP AT TNC APPROPRIATE TINE.

PTINiUERSlON 01 t/4/79 ANTHONY H. POPOUICZ

8UIR0UT1NE PT1I
CO ANON /SLNS/TSH,ARSP,»P3t,SP21r0P11,TLNP1fTLNP2(TLNP3,XP01NT
IOUBLE PRCCIIION TENP,BK,P3,P2,P1,P0
TENP»O.OMIP0XNT«1P0INT41

19 N«0 
J-IPOINT 
TSNiJ)«A*OM 
AISPU)-O.OM 
RP31(J>*4.4B0 
RP21U)>O.OSO 
IP11(J)M.0H 

9 N-K4t 
TENP*TRH(J)TYPE 1,J

1 FORMAT(//TtO,' INPUT TSH10HNS) FORMATlFt0.4 TSH<'fI4(')«'0> 
ACCEPT ZfTSNtJl

2 FORNAX<FI4.4)TSNCJ>-TCNP4TSNtJ>
TENP»ASSPCJ)TYPE 1t,J

11 FORMAT<//T10r" INPUT ASSP(CR.O) FORNATiFIO.1 ARSP1',14,')«'♦> 
ACCEPT IZ,ARSP<J>12 FORRATtFIO.U ABIPtJ1*TERP4ASSP(J1 TCNP-RPIUJ)
TYPE 21»J
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2 IT MW T T7 7 TI */  INPUT BP3MVOLT*kXSCAUi FORMAT E14.9 B P 3 H M 4 , ' )  
.» '01ACCEPT 22»BP31(J>22 FORMAT (E14.S)1P11(J>-TENP+BPJ1(J>
TENP»0F2tC4>TYPE S M31 FORMATC//T10,' ZNTUT 0P2t(V0LT0>XICALElF0RHAT C14.9 BP2ll't!4'k«
. '•>ACCEPT 32,BP21(J>32 FORMAT(E14.S SP21<J)>TEMP«BP210)TENP-BPI1U1TYPE 4 M41 FOMMAT(//TIO,' INPUT 0P11(VOLTItXtCALEiFQRHAT 114.5 BP11(',14,')■ . '4>ACCEPT 42.BPIUJ)42 FQRNAT(CI4.S1 BP1UJk«TENP*BP11U>TYPE SI91 FORMAT(//Til,' BO YOU IMMT TO AVERASE IN ANOTHER BEY OF BATAT'At ACCEPT S2(IQK92 FORMAT(111IF U0K.CQ.1) 00 TO 9 AN-FLOAT(Ft 
BN-ABLE(AN)TWU)-TBHU)/BK ABBP(J)*ABtP(J)/BN DP11(J)*BP31(il/BK BP21(J»BP21U)/BK BP11<J)-BP11(J)/BMTSHUt-tJ.35SOBOk/TSMU)*ll.4070B01>*(2.20MBO>*TlH<J)M2.2A42B-03 

.1*<T«M(J>m 2>-<S.02FAB-0A>*(T0M(J>**3)-2.7IISB02 AB$P(JlM-0.1f2S4B-13>*AB«P{Jl**3*(0.1A057B-001*ABIP(J>**2+(0.1523 •SB-01k«ABSP(J)BP11(J)«BP31(J>A1.0BA1 BP21(J1-BP2I(J)*1»0B01 BP11(Jt»BP11(J)*1.0001TYPE 41»TSM(J)fABSP(J)tBP31(3k ,BP21(J),BP11(J),J41 FORMATC//TIOr' TSH(BEO-C)« '.EI3.4//TI0,' ABBP(TOMR)* 'tE13.4/ ./T10t' BP1KT0RR)* ',EI2.47/T10,' BP2t(T0RR>> 'rE11.4//T!0,' BP •lt(TQMR)« ',E13.4//TI0,' POINT N  M4///T10,' ON TO lAME(II)T'A)ACCEPT 42,10142 FORNAT(II)IF (20N^M.n 00 TO 29 00 TO 1S 29 P3-AMP(J>*BP21(J>P2-ABSP(J)«BP21CJ1 P1-ABSP4J1+BP11<Jt PO-ABSP(J)TLNP3(J>a<TBM(J)*2.73t9B02)*BUM(P2/P0)



TL4P1 (J)«(TIH( J>+2.7313M2>«»Ltt<rt /fO»
TTK 71, JvTlH(J),A»IP(J),mi<J),IP21(JI,iPtt(J)(TLNPI<J),TLNf2(J» 

..TUP1U)71 F0ftMT(///T2t,' w « m *M M W W t w w » i M V / T » 4 , * I 7,14//•T20,' TSN(C)* '.Ill.iy/Ul,' AMf(I)- M1J.A//TM,' 1731.(T>- MIS.4//T2*,' If2t(Tl* ',B13.4//T20,' B F I M T f  ',113.4 .//T21,' TL*PJ(C)» ',ltl.4//T20,' TU*2(C>- '.I13.4//T20,'

. TLMPKO* ',113.4//T2*,' 
tETUM 
CM
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CNYPTIC/NMTINi 9UM0UTINE M
THIS ROUTINE I t  ME1 Tt «T THt MEN K IIM I TEMPERATURE FOB 
TNC MOT PttMT IM THE BUM. THE OPERATOR MUST FEBFOBM TMIt 
FUNCTION. ST U  MT MME AUTOMATICALLY MM TMIt IATA St 
REWIRE! IT THE VMItUt ROUTtMEt.

NUTEMlVEBtSM I I  0/10/7f 
ANTMONT H. POPOUICZ

tUIBOOTlME NUTCN CONNOM /BLK7/TIET »TIMC CALL IP0KE<"17700A,"19)5 ITEtWPEEEt''177A00)SF ClTEtT.E0."214> 00 TO 25 IF UTUT.tT."2t4> 00 TO 19 tt Tt 9 19 TYPE 11 F0RMAT<//T1O,' REAM PROILEN ON CHAN «1 TtN/TC ')
I t  Tt tftf29 ITIM»IPCCK< "1770021 ITtH"ITtN-"t70000 tMT-AJFLT(ITIM)MT-tMT*20.000/409*.09MT>2i7.M-40.910«iNT<M.229t*9HT**2-0.47409«iNT«#9-272.19 TICT>tHT»TlNC 19 TYPE 11fINTrTINCrTIET11 FMWAT4//T10,' N UT U  ACT2ME* TIH(»U-C>« 'tF10.1f9X,'INCREMENT* . /rFlA.4t9Xt/ K M  TICT(»Et-C)» ',F10.1I TYPE 11It FORMAT (//T10," It TMIt TtET BKT '•>ACCEPT 2,10E2 FORNATUtl
IF (IBM.10.1) 00 TO m »TYPE 4141 F0MAT<//T1t,' INPMT THE KfSIEB NEN TKTfLIBT IIEIT '♦>ACCEPT •J  AO TO 30 ftff CONTINUE KTIMM EMI
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CRYPTIC/INPUT t tUBROUTXNC 07

TMIt ROUT INC ACCEPTt At INPUT FROR TNC CONOOLE TERMINAL TNC 
PRMRAR COROTARTt ANI tPERATXNt FARAMCTERt. THESE VALUU 
RUST AC AEF1RCA PRIOR Tt CXCCUTION OF ALL ROUTINE EXCEPT■ 
KOtrXRtTR,HAMAN,PTIN,INPUT»BBUHP,PREtt,CONV« INPUT CAM BE 
CHTERU AT ART TINE ,NOUCUtt CRC IMORU BE TAMER tt  At NOT 
TO FORCE TNC CITUTAT TO RACE TRACK IR TERPERATURE, THAT It  
OET T1NC ARI TtCT APPROPRIATELT.

INPUT lUERtlON 01 0/30/7*
ANTHONY H. POPOUICZ

OUBROUTINE INPUT 
CONNOR /BLK3/TCUT »ICYCLE 
CONNOR /BLK4/RTUT ,IPRT
CONNOR /1LK4/0UT »FRRt,RLJMfBAHPF,POURF,UINBO 
CONNOR /BLK7/TIETtTXNC 
BXNENtXON ICOBCdO)

S M S  l« l,tt  
3 2C0SC(X)«O 

TYPE 1
I FORMAT<//T10,' INPUT OF BATA IMtTRRCTIOMfts HOT BXR ACCEPT FORMA
.T'//T t9,' TIETI-n'Z/Ttl,' TXNC(-2)'//T19,' TCHT(-3)'//T19*' R 
.TUTl-4>'//T19,' tRT<>9>'//T13,' P0URF(1...7M-*»'//T19t ' BANPFt 
.U..7M-7>'//T19f ' yiNB0(1...7H-0)'//T19,' RLIN<-*>'//Tt3,' FR 
.RO<-IO>M//TIOv' LUT COBE VALUU FOR BATA INPUT<LItT BIN)I '•» 
ACCEPT • tlC0BtU>flCBBE<»vlCaBC(l>,ICaBC<4MC0BC<9>,!C0BCU>,IC0 

.BE<7>,ICOIC(t>,IC0BC<*>fICUBC(1O>
BO 33 1-1,1*
00 TO O9»29f3S«49'49,7S,t5,V9't09)'IC0ICt!>
U  TO U  

19 TYPE It
11 FORMATC//T10,' TRET- '•>

ACCEPT *vTtET 
00 TO 33 

29 TYPE 21
21 FORNAXC//T10,' TINC- '*>

ACCEPT * fTINC 
00 TO 33 

39 TYPE tt
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31 F OR MT T Zm O ,'  TCIIT- '•>ACCEPT -*TCUT 00 TO 32 49 TYPE 4141 FORMATC//T10*' RTUT- '*>ACCEPT •.JITIIT QQ TO 33 99 TYPE 9191 FORMAT(//T14*' OUT- '%)
accept -,orr00 TO 33 49 TYFI 4141 F0RHAT(//T10*' FOUOFtt TO 7>- '♦>ACCEPT *,P0URF(1),P0URF(2>,P0URF(3),P0URF(4),P0URf(9),PQURF<4),POU •OF(7)
00 TO 13 79 TTFC 7171 FQRNAT<//T10*' OAHPFd TO 7>-ACCEPT -*0AHPF(1 >,OAAPf <2>t0AI»Pr<3> ,9AHPFC4),04077(91 ,»ANPF(4),04H •PF(7)00 TO 11 •9 TYPE 0101 FORMATC//T10*' HIN9041 TO 71- '$>ACCEPT *tUIN90( 1)*IIXN90<2>,UIR90(3>,01000(4) ,UIN90(9>,UIM90(4> ,OIN .10(7)00 TO 11 99 TYPE 9191 FORMAT(//T10*' OLIO* '4)ACCEPT •*1KLI«I 00 TO 33 109 TYPE 101101 F0RMAT(//T14*' FOR*- '•>ACCEPT **FRRO 33 COOTIHUETYPE 211,T9ET,TIOC,TCUT,RTUT,OUT,RLXM*FRR9 211 FORMAT(///T10*' TRET* '*F10.3//Ttl,' T1MC- ',F10.1//T10,' TCUT-. ',FI0.1//T10,' RTUT- ',F10.3//TI0,' OUT- ',F10.1//T10*' KLIM -• '*FI0.1//T10*' FRR9- '*F10.3>00 41 1-1*7TYPE 221,X,POURF(I)*I*OANPF(I),K*UINOO(I)221 FORMAT1//T10*' P0URF('*11*')• '*F10.3,9X*' 0AMFF('*t1,')■ ',F10.

.! *» * ' OUOO(',Z1,'>- ',FI#.i>41 C00T1MUE TYPE 231231 FORMAT(///T10*' INPUT 0K(I1)T '$)ACCEPT 12*Z0K 12 FORNAT(Xl)IF (XOK.EQ.O) 00 TO 9
RETURNENO



215 -

crvptic/ bbimpi subroutine os

THIS RQUT1HC BUMPS TNC PRECISION MU ONTO SISKETTC FOR LATER
m u  if  u  sc u m s  a i hell as prsvim s a tabular type of
PRINTOST Ml THE CORSSLC TUI I HAL. THU ROUTXHE IHOHLB BE 
HSU JUT BEFORE INC TERHIHATXQH OF THE RHNfHOHCVER IT CAR BE 
UCB AI ART TIKE HITHSHT CAUS1HS PROBLEMS FOR CRYPTIC.

BBUHPiUEBSISH ftt S/30/Pf 
AHTHBNT H. POPOUICZ

SUBROUTINE BBIIHP
CORHOH /BLKS/TIH»ABSPtBP9t(BP2t,BPt1,TLNP1tTLNP2,TLNP3, XPSIHT
N*1PBINT
TYPE 1

I F0RMAT<1N1,4X,'S',4X('TSH(C>',SXt'P(T0RR>'f3X,'BP31<T0RR)'v4XT/ BP 
•21 (TORSI',4X,'BP11 lT0RR)/ ,AXt'TLMP31/ (NXf/TUIP21,',SXt''TLHP11'/// -

TYPE II,N,TSH(N),ABSPtH), BP31CM),BP21<R>rBP11<N>,TLNP3(N),TLNP2(N> 
•,TLNP1(N)

11 FUIATUMC2X,B1>.A)>
1 CONT1MHE 

IS TYPE 21
21 FORMAT(//T10,' BO YOU HART TO BUHP SHTB BISK (BXIi) t '4>

ACCEPT 2»I0K
2 FQRHATflt)

IF (ISE.U.0) SO TO S 
TYPE 11

31 FORMAT(//T1A,' BXIi LOANS HZTH A BLANK FORMATTCB BISK ?'!>
ACCEPT 2,101 
IF (Ittt.EB.O) M TO IS 
M 33 1*1,0
UR! I I  (2,41) N,TSH(N),ABSP(N>,BP31(H),BP21<H>,BP11(N),TLNP3(N)fTLMP 

•2<N),TLHPt (111 
41 FBSNAT(14,0(2X,B12.4)>
33 CSHT1NHE 
5 COSTUME 

RETURN 
EMB
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CRYPTIC/PRCSSt SUMMIT U K  tt
THIS SOUTINE MEASURES THE TEMPERATURE OF THE SAMPLE HOLMS USIMS ITS THERMOCOUPLE AS THE SENSOR, THE AtSOUITE PRESSURE AMS B1FFESENT1AI PRESSURES USINO THE SPIRAL SUART2 OAUOE AMS CAPACITANCE SAUSCS RESPECTIVELY. CONVERSIONS AMI CALCULATIONS ARC PERFORMER AMS A PRINTOUT IS PROMISES.

PRCSStVERSION SI 9/4/79 ANTHONY H. POPOUICZ

SUBROUTINE PRESSSINEMSION XLOAB<4),IBUN(4),XIATA(4),IATA(4)ILQAB(1)-”1S 1L0AB(2>-”3411 1LQAB<3>-”4001 IL0AB(4)*”540I 1BUNO )-”214 1BUN(2>-”3010 2BUN(l)-*4200 lDUN(4>-”8000 S SO 3 1-1,4 CALL 1PQKE1”177000,ILQAB(I))IS ITEST«IPEEK<”177000)IF UTCST.EO.IBUNU)) SO TO 3S IF <ITEST.ST.!BUN(I)> SO TO 28 SO TO IS 28 TYPE 11,1,11000(1)11 FQRHAT<//T10,'> REAS PROBLEM ON CYCLE- ',It,2X,'A/B LOAB- ',00>00 TO ffff 15 J-IPEEKt"177002)IBATAtI)-JIBATAtX)-IBATO(X)-”170000 SATA11) -FLOAT C XBAT A (I) >3 CONTINUE BATAO >-SATA(1)*20.000/4090*0BATAO >-207.10-40.810*BATA<1)*4.2281*<BATA(I>**2)-0.07405*(SATAC 1) .••3)-271.ISSATAt2)-SATA(2>«100.0/4090.0 BATA(2)-8ATA(3)»1000.0BATA(2)-<-0.192SOE-13)*BATA(2)M3HO.UR37£-08l*BATA(2)«»2+(0.t523
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.31-01 >»MU42>
BAU(3>»MTA(I>*100.0/409A.«
MTA(4>*MTA(4)«I00.I/40U.0
TYPE 31 rMTA(I ),BATA<2> ,MTA(3> »MTAU>

21 FMUT(//TIO,' TIN* ',F14.3r2X,'»EO~C',3Xt'PU0- ',F13.3,3X,' TOK 
.R M X t^ N * ',F1I.3,2X,'UC*LE TONI',93,'-P€0>',F10.3,2X,'XICALE 
. T0tt'///T10t' M TQH ttANf ANOTHER ItCAB T '♦>
ACCEPT 12vl«m£

12 FOMATflU
IF (1N0RE.E0.1) W TO 5 

»W  CONTINUE 
NETUM 
EMI
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CRYPTIC/IMTRi SUBROUTINE It*

THIB ROUTINE PRINTS OUT THE OPCRATIM IHtTKUCTlOM FOB 
CRYPTIC At HELL Ai ACCCPTB RUB IBENTIFICATION IITORHATIQN FROM 
THE OPERATOR AT TNC RCVBOARB. IT ALSO PERFORM IONC NECESSARY 
INITIALIZATIONS. IT THEREFORE IB CAUXB ONCE AUTOMATICALLY At 
BOOH At CRYPTIC IB LBABCB ANB RUN. IMTR CAN BE CALLEI BY NM 
AT ANY TINE TNC OPERATOR OCfllRCB.

INBTRtVERBlOB 01 0/21/70 
ANTHONY N. POPOUICZ

BUBROUTINE IMTR 
TYPE 101

101 FORMAT(//T10' NOt 1-YESj O-NO'/ZTIO' PRINT INSTRUIIT'OI 
ACCEPT I02,IUANT

102 FORMATUD
IF (IHANT.EQ.O) 00 TO 9 
TYPE 111

111 FORMAT1'1'T10,'SYSTEM OPCRATIM 1MBTRUCTI0NS|'//T19' THE MAIN 
.(KIR) ALLOW BETERNXNATION BY THE OPERATOR THE EXECUTION OF THE 
■OEBlREi SUSR0UT1MC'//T14' SUBR1>TCAR<C0BC»1) MEASURES COMPONENT 
■ TEMPERATURES UBIM TC-S'//TU,' SUBR2-RTAR<CQBC>2> NEABURU COMP 
.ONERT TERPERATURCS UBIM RT-S'//T1*,' SUBRl-HAMAN(COBI-S) ALLOUB 
.THE OPERATOR TO ABJBIT THE HEATERS FROM TNC EETBOARB'//THf' 
.SUBR4»MAUT0<C0BCM> NEATER ABJU8T IB BONE UNKR PROBRAN CONTROL 
.(HAUTO USES TCAR OR RTAR1'//T14,' SUBR3*PT1N(C0BC«9> ACCEPTS 
.CONSOU INPUT OF THE PRECISION TCNP/PREBB BATA. THIB BATA IB REBUC 
.U  ANB STORES'//Tit*' SUBI4"NUTEH(C0BE*4> MEANS BY UH1CH THE 
.OPERATOR CAN SET TNC MEN BESIRCB TEMPERATURE'//T1A,' 8UBR7*INPUT
• I CUBE*7) ACCEPTS INPUT BAT*,THAT IS, THE OPCRATIM PARANETERB ANB 
•C0NSTART8'//TtA,' SUBM»BBIMP(COSE«S) PRINTS OUT AM URITU TO 
.BIBB TNC PRECISION BATA'//T1A,' BUSR9«PRESB(C0BE>f) REARS BOO AM 
.CS PRESSURES'//! 14,' SUSRIO>IMTR(COBC«tO> PRINTS OUT OPCRATIM
• INSTRUCT I OHS, ACCEPTS RUN IB INFORMATION ANB PERFORM BONE 1NITXAU
• ZATIONMPOUCR TO HEATERS SET TO ZERO POUER)'//TMf' SUBR1UCONVCC 
.RBC*I11 CONVERTS REYIOARB INPUT OF SENSOR S10NAL VALUES TO TEMP AN 
•B PRESSURE BATA'//TM(' SUBR12*EXIT(C0BC>12) AUOIIS USER TO TERMI 
•NATE THE RUN.')
TYPE 121

121 FORMAT t'1 '////////T S 0 ,' —— — — '//TS4,' ROUTE-COBE'
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.//T IE ,'' TCAf- T’TVTH,' RTAA* IV /TW ^ KANAR* 3'//TS4 
MAUTM 4 '/ /T » ,' PTIN» SV/T34,'MITEN» 4'//T54,' INNIT 

.•  7V/T94,' IN N * l'//T54,' PREBM 9V/T34,' INITR-10'//
COW- 1IV/T33,' EXIT* I2'//T50' ••••***••••••*•*••••

.'//T33,' NTEl MM Mil 1«TCŜ >
3 rm  u i

131 FORMAT<'1V/T14 ,' IMNI TO INPUT MM I I  INF0MMTI0N(11)T '41 
ACCEPT 111,IIHMT

112 FORNATU1)
IF (IMMTaEI.O) N  TO 25 
TYPE 141

141 F0RMTC'r//T24M'  MM I I  M '*)
ACCEPT 122

122 FOBNAT (20H MM IH  NCI NCNC 1 
TYPE 1SI

111 FORMAT(//T20,' BATE -  't>
ACCEPT 132

132 F0RMAT(24M MTE NCI HERE )
TYPE Ut

HI FORMAT(7/T24,' OPEBATM • '•>
ACCEPT 142

142 FOBNAT(29H OPERATOR NAME IOCI HERE )
TYPE 171

171 FORMAT(//T24,* MNPU I I  -  '%)
ACCEPT 1S2

192 FOBNAT(3SM IAHPLC IB IOCI HERE >
TYPE 111

111 FORMAT(//T24,' MNPU P0BTI1 •  '01 
ACCEPT IA2

IA2 FOBNAT <39M IAHPLE PORT I I  NCI MERE )
TYPE If I

191 F0RNAT<//T20,' MNPU P0RTI2 -  '01 
ACCEPT 1A2 
TYPE 211

211 FOBNAT(//T24,' MNPU P0BTI3 ■ '01 
ACCEPT 1A2 
TYPE 211

211 FOBNATI//T24,' MNPU P0RTI4 •  '0>
ACCEPT 1A2 
TYPE 221

221 FORMAT(//T3,' COMMENT(IOOCHARIi 'O)
ACCEPT 202

202 FORMAT (INN COMMENT OOEI
.HERE >

21 CALL 1P«EC("17700I,"0>
CAU IPOKCI"I70440,"4400)CALL 1P0KE<"174442,”4004)
CALL IPOKCI*174444,"4004)
CAU IPOECr 174444,a40N>
CAU IPOBEI"170450,"40441 
CAU 1P0KCI "170492, *4440)
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CALL 1PIMU~I794M,"40M>
CAU. XFSKEt*170494,*4000)
TYK 231

231 FOMATiy/TII,' HAS WFUT MIA KEI SPECIFIES AS OF YITUU t '%) 
ACCEPf 212, ZYCS 

212 FMKATUt)
IF UYEft.a.1> 00 TS 19 
CAU KNFUT 

19 CONTINUE 
RETURN 
INI
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CRTPTIC/CONVl SUBROUTINE 911

TNI9 BOUT INC CONVERTS INPUT FROM TNC CONSOLE TERMINAL. FNON 
ANALOB T9 PHYSICAL IATA. THAT XI V9LTAK,NC919TANCC ANB 
COUNTER 9CAISNM T9 PHYSICALLY BIBNtFSCANT VALUES 9F PRESSURE 
AN# TEMPERATURE.

CONViVCRS109 91 9/9/79 
ANTHONY H. POPOUICZ

SUBROUTINE CONV 
TTPC t

1 FORMAT(///T10,' THERMOCOUPLE INPUT I C0BC«1 V/T19,' SCSI ST MCI 
■ TNCRNONCTCt INPUTi C09E-2 '//T IO ,' P9C0IURE SCNSOR INPUTi CQBE*3 
.'//T10,' RETURN TO KBBi C0BC>9'//T19,' NOTE INPUT LIST BIN' / / /  
.TIB,' COBC« 'S>

9 ACCEPT 2,1CSBC
2 FQRNAT(II)

00 TO <19,29,39),1C0BC 
00 TO 9999 

19 TYPE 11
11 FORMAT1//T19,' V9H* '»»

ACCEPT *,V
T»2S7.U-49.910*V«4.22S1*V*«2-0.474BS*V««3-273.1S 
T1PC 21»T 

21 FORMAT C//T19 ,' TOM- ',F10.3>
TTPE 31 

31 F0RNAT(//T19,' VLB* '•>
ACCEPT *,V
T*2S4.2S~39.791*V*4 •0049*V**2-0.49301•VM3-273.19 
TTPE 41,T 

41 F0RNAT<//T10,' TLB* ',F19.3>
TTPC SI 

91 FORMAT1//TI9,' ¥RS* '$»
ACCEPT i tV
n2S9.99-44.14S*V44.91l3*V**2-0.49431«VMl-273.tS 
TYPE A1J 

41 FaSMAT<//T19,' TR9- F19.ll 
TTPE 71 

71 FORMAT1//T1#,' VUB* '•>
ACCEPT 4,V
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'TS2ir^J=E2;?0t*M4.O»74*M*2-0.7374MM*3-273.ia TYFE 01,T •1 F0RHAT<//T10(' TUI* ',F10.3>
TYPE ft 

fl F0MAT(//T10f ' VAM '• )ACCCFT *,9T*2t7 •74-42.503*M4 • 49lt*V**2-0 • 4929 1*M**3- 271 • IS TYFC 101 ,T 101 FORMAT <//T1l,' T O M  ',F10.3>TYPE lit 111 FORMATM/TIO,' FIX* '%>ACCEPT •,*T»29S.37-47.i17*V*S.9273*9*42-0.7t99MM**3-27J*15 T Y H  121,1 121 FORMT<//T10,' T L M  ',F10.3>TYFC U t  131 FQMAT<//T10t' VUC« '•)ACCEPT «,VT*294*34-47.424*V*3 .t374*M*2-0 •7701 4<M*3-271. 19 TYFC 141,T 141 FOONAT(//TH,' TUC* ',FH.3>U  TO 3 29 TYFC 1S1191 FQM*n//T1«,' R I M  '%)ACCEPT *,RT»3.393»/M94*«7M2.200MM2.2442E-03«M*2-9.02f4E-OMM*3-273.15 TYFC U1,T H I  F00NAT(//T10,' T I M  ',F11.4>TYFC 171 171 FORMAT(//T10,' E L M  '•)ACCEPT *,1T»2 *0320/0*10*943*2 • 2742*0*1.4919C-03*0*22-9.t294C-04*R**3-273. IS TYFC IB1,T 101 F0RNAT<//T19,' T L M  ',F11.4»TYFE IF1 Ifl FQANAT<//TtO,' R O M  '•>ACCEPT ♦,*T-3.9400/R«30.R03*2.2471*R+2.2929C-03«R**2-4.1«24C-04*M*3-273.15 TYFC 201,I 201 F0RMATL//T19,' T O M  ',F11.4I TYFE 211 211 FORMAT<//TtO,' R O M  '•)ACCCFT *,0T-3.47i91/R«31.354«2.2409*R*2.0973C-03*R**2-3.7«97C-04*R*0-273.19 TYFC 221,T 221 FORMATC//T10,' T U M  ',FI1.4»TYFC m  231 FORHAT<//T10,' 040- '91 ACCEFTT-3.0110/001.434*2.2452*R+2.1399E-03*M«2-4.1014C-04*R««3-273.19 TYFC 241,T
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241 TM- ',M1.4I
30 TO 9

39 TTTt 391
331 r0 9 M 4 T (//T 1 0 ,' 909<Cft)> '• )

4CCC7T «,9
7»-0.lf334l-13*Q**3*0.143971-0349M340.192391-01 •• 
TTTt 241,7 

341 F0M4T(//T10,' 7909« ',711.4)
TTK 371 '

371 71NM M <y/TtO ,' 973I,9C4U« '*>
4CCI7T *,0,9 
NM«t«.OOIrtn 391,7

391 703N41(//T1t,' 9731s ',711.9)
TTft 2*1

3*1 70iMI<//T10,' 1731,9C0LS* '$)
4CCC7I *,9,3 
7"t«9*10.000 
TY7E 301

301 F03MT(//T1t,' 1731* ',711.5)
TTTt 311

311 FQM4T(//T10,' 971t,9COU* '• )
4CCC7T *,0,9 
T^OtO* 10.000 
TTTt 321,7 

121 70MAT(//T10,' 9711* ',711.9)
90 TO 9 

*7*9 CONTXJHC 
RCTUM 
ENI
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Listing of P9042DQ
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THIS IS  *  VARIATION OF 9042 PROGRAM FOR OBTAINING THE DIFFERENTIAL EFFECTS IN 
FREQUENCIES, LN (S /S ')F  FOR BAS OR LIQ PHASE, AND LH(FC/F6), DUE TO A CHANGE IN 
F-HATRIX OF BAS OR LIQUID. UP TO 24 F-NATRIX ELEHENTS NAY BE CHANGED 
SIMULTANEOUSLY IN EACH PHASE. INPUT 8ETS HAY BE STACKED TO PROCESS AS MANY 
DIFFERENTIAL EFFECTS AS NEEDED. ONLY ONE REFERENCE 1 UP TO TUO NON-REFERENCE 
ISOTOPES ARE ALLOUED FOR EACH PHASE.

THE ENTIRE MAIN PROGRAM BETWEEN STATEMENT NO. 90 AND THE END OF PROGRAM 
IS  REPEATED FOR EVERY ISOTOPIC SPECIES.
ORDER OF INPUTt

1) ISOTOPE1, GAS ,NUHB«1 ( ‘ REFERENCE)! READ 6G(1, , 4 FF (1, ,
2) • r LIB ,NUHD*2 ( ■ ) l READ 66 (2 , , k FF12, ,
3) IS0T0TE2, BAS ,NUMB*3 I READ GOO, ,
4) M 9 LIQ ,NUHB-4 I READ 0 6 (4 , ,
5) IS0T0PE3, BAS ,NUMD"5, IF  ANY I READ GG(5, ,
4) » 9 LIB ,NUND‘ 4 , ‘ I READ 0G(4, ,
7 ) XSOTOPE1, BAS ,MUHB»7,CHANGE IN F IF  ANY 1 READ f-CHANGE INFORMATION
8 ) m 9 L10 ,NUMB*Bt " 1 READ F-CHANBE INFORMATION
9) IS0T0PE2, GAS ,NUND*9,

10) m
9 LIQ , NUN1*10,

1 1 ) IS0T0PE3, GAS , NUMB*11,
12) ■

9 LIQ ,NUHB*12,
13) ISOTOPE1, BAS ,NUMB*13,CHANGE IN F IF  ANYi READ F-CHANGE INFORMATION
14) W 9 LIO ,NUMD*14, ** 1 READ F-CHANGE INFORMATION
15)
IMPLICIT REAL«8 <A-H,0-Z>
DIMENSION 80 (4 , IB , IB ) ,F F (2 ,1 8 ,1 8 ) ,G<18,1 8 ) ,F O G ,IB ) ,11(18,18), 

IDV( IB) , T <10 > ,RECORD(0 0 ) ,NRD<170),NCG(170),N F 0 (1 7 0 ),Z (170), 
2F I(170> fFJ(17C),NR0UG<4),NC0LG<4),DATING(4),NRLC170),NCL<170), 
3NFL(1 7 0 ) ,Z l< 170 ),F IL ( 170 ),NR6<170),NCG(170 ),N F6(170 ),2 6 (1 7 0 ), 
4F IG (170),IT (24 ),A (1S ,1S ),D G (1B ),D D O 8),H <10t 18) ,C O S ,18) ,FNEU(24)

CALL ERRSET 1 2 0 7 ,2 5 4 ,-1 ,0 )
CALL ERRSET (2 0 8 ,5 1 1 ,-1 ,0 )

READ 6L0DAL INFORMATION FOR PRESENT MOLECULE. "MOLECULES" ARE DIFFERENT IF  
DIFFERENT ISOTOPIC SPECIES, DIFFERENT PHASE, AND DIFFERENT F-MATRIX. STACK 
AS MANY MOLECULES AS NEEDED, EXCEPT THAT THE TOTAL NUMBER MUST BE AN INTEGER 
MULTIPLE OF 4 OR 4

IND— 09 t THE PROGRAM CALLS EXIT OTHERWISE. PUT ONE BLANK CARD AT THE END 
OF INPUT DECK.

NUMB i SERIAL MOLECULE NUMBER. SEE EXAMPLES.
NO t NUMBER OF INTERNAL COORDINATES USED FOR F- t  G-MATRICES
NREB I  NO. OF REDUNDANT COORDINATES INCLUDED IN NO.
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c IFS 1 ■2 IF  STANDARD F-NATRIX, AND IF S-HATRIX INPUT IS PROVIDED
c 1 •1 IF  ■ ' BUT NO ■c t ■0 IF  F-NATRIX IS TO IE MODIFIED.
c NF 1 NUMBER OF ELEMENTS IN Fl-NATRIX. THIS AND NOZ ARE SIGNIFICANT 1
c NEEDED ONLY IIHEN NUHB«1 OR 2.
c NOZ I NUMBER OF ELEMENTS IN Z-NATRIX.
c NIT I NUMBER OF FI-HATR1X ELEMENTS TO BE CHANGED SIMULTANEOUSLY. THIS
c AND NODE BELOU ARE SIGNIFICANT 1 NEEDED ONLY UHENc NUND IS NOT 1 OR 2 AND IF KIND*!.
c NODE t *0 IF A CHANGE OF «1X IS IMPOSED ON EVERY F-HATRIX ELEMENT
c MODIFIED
c •1 IF  A CHANGE OF 40.1 MDYN/A IS INPOSED ON EVERY ELEMENTc MODIFIEDc -2  IF  EACH CHANGE IS BY 40.01 HDYN/A.
c ■3 IF EACH CHANGE IS BY 40.001 MDYN/A.
c •4  IF  NON-STANDARD CHANGES ARE NADE. THEN, FNEU INPUT IS NEEDED.c KIND I •1 IF  REFERENCE-GAS OR REFERENCE-LIO MOLECULE.
c *2 IF  NON-REFERENCE MOLECULE USING THE STANDARD F-HATRIX.c *3 IF  NON-REFERENCE MOLECULE USING A MODIFIED F-NATRIX.
c FOR FURTHER DISTINCTION AMONG KINDS, SEE "SUMMARY" BELOU.

90 READ(5,5001) INB,HUHB,NQ,NRED,IFS,NF,NOZ,NIT, KIND,NQTEM,MODE,NCT 
5001 F0RHAT112I3)

C

c
C SUMMARY OF TYPICAL GLOBAL INPUT (FOR 2 NON-REFERENCE MOLECULES) FOLLOWS:

DESCRIPTION OF MOLECULE NUMB IFS KIND READ CALCULATE SAVE PRINTOUT
-------- - - - - - - - - - - - - - - - ---- ... ---- ---- --------- .... --------
STAND-F,REFERENCE,GAS 1 2 1 B,F, T FREO FREQ F

" ,LIQ 2 2 1 G,F FREQ FREQ F
IB0TDPE-A,6AS 3 2 2 6 FREO,RPFR FREG,RPFR NONE

,LIG 4 2 2 6 FREQ,RPFR
LN1FC/FS)

FREQ,RPFR FREQ(G',6 )  
FREO(L',L) 
DFREG(ISOTOPE 

, PHASE) 
RPFR(G,L,D)

ISOTOPE-1,GAS 5 2 2 G FREQ,RPFR FREB,RPFR NONE
rLIfl A 2 2 6 FREQ,RPFR

LNtFC/FO)
FREO RPFR SAME AS FOR 

ISOTOPE-A
HOD' B-F, REFERENCE, BAS 7 1/0 1 IT FREO FREO CHANGE IN F

■ •  LIB 1 1/0 1 IT FREQ FREQ ■ •
" 1SOTOPE-A,GAI 9 1/0 3 NONE ALL4D1FF. ALL4DIFF. NONE

•  ,110 10 1/0 3 * • ft ALL4BIFF
ISOTOPE-1,BAS 11 1/0 3 m ft ft NONE

«LIQ 12 1/0 3 m ft ft ALL4DXFF
••••
NOTESt*ALL DEANS ALL ITEMS APPEARIN6 FOR CORRESPONDING SPECIES IN STAND-F
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• I  IFF HEMS "BIFFERENCE, NODIFIEB-F MINUS STANBARB-f 
•ONE OR BOTH IFS'S FOR OAS 1 LIQ IN NQDIFIEB-F CAN BE 1. 

OF IFS USED FOR REF FOR ALL OTHER ISOTOP2C MOLECULES, E. 
FOR REF BAS I  L IS , USE If * 1  I  0 FOR IBOTOPE-A t  - •  ALSO.

IF1XNB.EQ.-9) 00 TO 100 
95 CALL EXIT

100 REAB(5,3002XBECORB(X) ,1 *1 ,1 8 )
3002 FORMAT19A0/9A8)

UR1TE(4,4001 XREC0RP(1),1*1,10)
4001 FORNATdHI ,/5 X ,9 A B ,/)

101 IF (IF 8 .E 0 .2 >  OOTO 110
104 MP*NCT

BO 103 1 *1 ,NQ 
BO 105 J*1,NQ

105 8 (1 ,J )*B 6 (N P ,1 ,J )
SO TO 130

110 CONTINUE
BO 112 1 * 1 ,NO 
BO 112 J*1,MQ 
OGtNUHSfl,J>*O.OBO

112 S t I ,J ) *0 .0 0 0  
READ(5,5000XRECORB<I),I*1,9)

5000 FORMAT<9Afi)
113 REAB(5 ,5 0 0 3 )(NR0U6( L) , NC0L6(L) ,BATINC( L) ,L * 1 ,3 )

5003 FORHAT(3(2I3,E10.9>)
115 BO 120 L *1 ,3

IF(NR0U6(L)>122,410,117
117 IF(NCQLG(l)-NROUG(L)>410,118,1 IB
111 IF(N0~NC0L6(L>)410,119,119
119 I*NROUO(L)

J*NC0L6(L)
B(I,J>*BATING(L)
8 (J ,I> *0 < I,J >
BG(NUNB,I,J>*6(1,J)

120 8G (N U H |,J ,1 )*8 (I,J>
00 TO 113

122 IF<1*NR0UG(L>>410,130,410  
130 IF(NUNB-3)135,140,140
115 REAB(5,30O 4XNR 0U),N C0(I),NFD (I) ,Z ( I  > ,1 * 1 ,NOZ)

5004 FORMAT(41313,F9.4>>
REAP(5,5005XFI(K ),K *1 ,NF)

3005 FORMAT(4F12.4)
BO 131 M*1,NOZ 
IF(NO*NCO(K)>41S,134,134

114 IF(NCO(K)~NRO(K>)4t5,117,137 
137 IFIMF-NFO(K)>415,110,118
118 CONTINUE 

IF1NUMB.E0.U OOTO ISO
140 BO 141 1 *1 ,NOZ 

NRL(I)*NR0(1>

REPEAT PATTERN 
6 . , IF IFS*1 I  0
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■ C L (l)K C O tl)
RFL<I)-NFO(I>

141 Z L ( I) * 2 (1 )
10 142 1 -1 ,NF

142 F IL ( I ) -F I (1 >
LG-2
10 TO 100

190 LO-1
DO 191 1 -1 ,N02 
NRG(1)-NR0(I>
NC6(I)-NC0<1>
N F 6(I)-N F0(I>

191 Z O (Z )-Z d )
10 192 1 -1 f NF

192 F I 6 ( I ) - F IU )
IF(MOTEH.EB.O) 00 TO 300 
READ(5,5004)(T(2 ),2«l,NOTEM>

9004 FORMAT<fFI.2)
URITE(4 ,5 0 0 4 )( T ( I ) , 1-1,1(0 TEH)
60 TO 300 

140 IF  (KIND. EG. 1 > GOTO 144 
1 AI IF(NUNB.EQ.(NUH8/2)*2) OOTO H 5  
1A2 LG-1 

GOTO 320 
1AS LG*2 

GOTO 320 
1AA IF(N IT.EO .O ) 60 TO 141

READ(9 ,9 001 ) ( I T ( I ) , I - l , H I T )
IF(H0DC.NE.4) 60T0 171
READ(5 ,5 005 )(F N E U (I) ,1-1 ,N !T)
IFINUHI.EO.(NUH6/2>*2) 60 TO 146
ID 147 I"1 ,H IT
J - IT ( I )

147 F I6(J)«FN EU (I)
60 TO 171

148 10 14? 1 -1 ,NIT 
J - IT ( I )

140 F IL (J )-F H E U (I)
171 IF(NUHl.E0.(NUMl/2>«2> GOTO 175
172 L6-1

DO 173 1 -1 ,NOZ 
M R0(2)-RR6(I)
NC0U)-NCG(2)
NF0<I>-NFI(1>

173 Z ( I ) - Z 6 ( I )
10 174 1 -1 (NF

174 F I(1 > -F 2 6 (I)
•0  TO 160

175 LG-2
10 174 1-1,1(02 
GROm -HRLU)
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RCO(I>*M Cl(l)
KFOfI>*MFL(I>

174 2 ( I ) * Z L ( I>
10 177 1 *1 ,OF 

177 F I(I> *F 1 L (1 )
100 IFUFS.HE.O) BO TO 100 

IF(M0DE.8E.1> 60 TO 190 
181 DO 119 1 *1 ,NXT 

J - IT U )
185 F I(J>*F I(J )*1 .01D O  .

BO TO 100 
190 DO 195 1 -1 ,MIT 

J - IT ( I >
H*-HODE 

195 F I(J )*F 1 (J )+ 10 .D 0**N  
300 CONTINUE

DO 303 1 *1 ,N0 
DO 305 J*1 ,N8 

305 F F (L 6 ,I,J )*0 .0 D 0  
DO 310 K*1,NOZ 
I*NCD(K)
J-NRO(K)
N*NFO(K>
F F (L 6 ,l,J )*F F (L 8 f I ,  J H Z (K )*F I <N)

310 F F (L 6 ,J ,I) *F F (L 6 ,I,J )
IF (NUM.EO.2) 60 TO 4 
IF(NUND.NE.I) BOTO 320 
UNITE(4 f 4004)

4004 FORMAT(1HO,'STANDARD F-HATRIX FOR BASt')
URITE(4,4005)

4005 FORMAT M HO,' 1 2 3 4
1 5 4 7 8 9
2 1 0')

DO 312 1 *1 ,NB 
312 UR1TE14,4004) (F F (1 ,I ,J ) ,J *1 ,N 0 )

4004 FORMAT19X,10F12.4)
60 TO 320 

4 URITE(4 ,4007)
4007 FORMAT<1H0,'STANDARD F-MATRIX FOR L lO i ')

URITE (4 ,4005)
00 315 1 *1 ,NO 

315 «R ITE(4,4004) (F F (2 ,I ,J ) ,J * 1 ,N 0 )
320 DO 325 1*1,110 

DO 325 J*1,NB 
325 F ( I,J ) *F F (L 6 ,1 ,J )
140 NR1*0 

I£6EM*0
142 CALL HDIA0(S,MQ,1E6EN,A,NR1)
143 DO 350 J-1,M0 

IF (0 .0 0 0 5 0 0 -6 (J ,J ))3 4 7 ,1 4 5 ,3 4 5
345 D6(J>*0.0B0
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«0 10 149 
147 I6(J)-S(J,J)
149 10 150 2>1,NQ
150 U (1 ,J ) -A ( IVJ>*ISQRT(BG(J>>
190 >0 400 J-1,MQ

10 395 L *1 tNQ 
IB (L >-0.010  
10 195 M l  ,MQ 

395 ID (L>-D D<LM F(L,K )*U(K ,J)
10 400 1 -1 ,MQ 
H ( I t J )-0 .00 0  
10 400 H'1,NB 

400 H tl,J )»H < I,J )4 U (M ,I)*D D (H )
402 NR-0 

1EGEN-0
404 COLL HDIAG(H,NQ,IEBEN,C,NR>
404 10 400 1*1 ,NQ
400 10 ( I ) -ISO ft 1 (DAIS < H ( I , I ) / 5 .  BBB52D-7) >

CALL THERM <NG,NR£D,DV,KIND,NUHB,IFB,L6,T,N0TEH,MCT,IT,H0DE,NIT, 
1FNEU)
00 TO 90

410 UR1TE(4,4002) NROUG(L),NC0L6(L),DATIN6(L)
4002 FORMAT(1H0,' S-MATRIX ERROR. THE CARD READS ' ,2 I3 ,F 1 2 .4 )

00 TO 95
4t5 UR1TE(4,4003> NRD(K),NCO(K),NFO(K)t Z<K)

4003 FORMATdHO,' Z-NATRIX ERROR. THE CARD READS ',2 I3 ,F 1 2 .6 )
00 TO 95
END
SUBROUTINE HD!A6(Hf N,1EBEN,U,NR)
IMPLICIT REALtB (A-H,0-2>

CHDIA6HIHDI1, FORTAN I I  DIAGONALI2ATI0N OF A REAL 8YHNETRIC MATRIX DY 
THE JACOBI METHOD.
CALLING SEQUENCE FOR DIA60NALIZATI0N 
CALL HDIAOt Hf N( IE6EN, U, NR)
NHERE H IB THE ARRAY TO IE DIA60NALIZED.
N IB THE ORDER OF THE MATRIX, H.
IE6EN MUST IE  SET UNEQUAL TO ZERO IF ONLY EIGENVALUES ARE TO IE  
COMPUTE!.
IEOEN MUST IE  BET EOUAL TO ZERO IF EIGENVALUES AND EIGENVECTORS 
ARE TO IE  CONFUTED.
U IS THE UNITARY MATRIX USED FOR FORMATION OF THE EIGENVECTORS.
NR IS THE NUMBER OF ROTATIONS.
A DIMENSION STATEMENT MUST IE  INSERTED IN THE SUBROUTINE. 
DIMENSION H (N ,N ), U(N,N>, X(N>, IQ(N>
COMPUTER MUST OPERATE IN FLOATING TRAP MODE
THE SUBROUTINE OPERATES ONLY ON THE ELEMENTS OF K THAT ARE TO THE 
RIBHT OF THE MAIN DIAGONAL. THUS, ONLY A TRIANGULAR 
SECTION NEED IE STORED IN THE ARRAY H.
DIMENSION H (1 B ,1 l) ,U (1 f l ,1 l ) ,X ( t l> f 10(10)
IF  (IEOEN) 15 ,10 ,15  

10 DO 14 1 -1 .N
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10 14 J*1,N
IF (1 -J ) I2 ,1 1 ,1 2

11 U ( I ,J ) -1 .0 0 0  
00 TO 14

12 U ( I,J )*0 .0 0 0
14 CONTINUE
15 NR •  0 

IF IN -1 > 1000,1000,17
SCAN FOR LARGEST OFF IIA60NAL ELEMENT IN EACH ROW 
X ( I )  CONTAINS LARGEST ELEMENT IN 1TH ROU 
10(1> HQLGS 8EC0N9 SUISCRIPT 9EFININ6 POSITION OF ELEMENT 

17 NNI1*N-1
•0  50 I*1,NMI1  
X ( I )  « 0.000  
IPL1*1U  
00 50 J*IPL1,N
IF (X (n -D A IS ( H ( I ,J )> )  20 ,20 ,30  

20 X (I)*D A D S (H (I,.t> ) 
i o m * j  

30 CONTINUE
SET INDICATOR FQR-*KUT-0FF.RAP«2**-27,NR*N0.DF ROTATIONS 
RAP*?.4503005940-9 
NDTE8T-1.003B
FIND MAXIMUM OF X ( I )  S FOR PIVOT ELEMENT AND 
TEST FOR END OF PRQILEH 

40 00 70 1*1 ,NMI1 
IF (1 -1 ) 40 ,40 ,45  

45 IF(XMAX-X(I>) 40 ,70 ,70  
40 XMAX*X(I)

IPIW-I 
J P 1 V *I0 (I)

70 CONTINUE
C IS  MAX. X ( I )  EQUAL TO ZERO, IF  LESS THAN HDTEST,REVISE HDTEST 

IF (XNAX) 1000,1000,00  
SO IF ( HDTEST) 90 ,90,05  
85 IF  (XHAX -  HDTEST) 90,90,140  
90 HOIMIN •  DAOS ( H (1 ,1 )  )

ID 110 1*2,N
IF  (HOIMIN -  DADS ( H ( 1 ,1 ) ) )  110,110,100  

100 H0ININ*0A0S ( H ( I , I> )
110 CONTINUE

HDT£ST*HD1MIN*RAP 
C RETURN IF MAX.Hd,J)LE8S THAN(2**-27)DADS(H(K,K)-HIH)

IF  (MDTEST-XHAX) 140,1000,1000  
148 NR- NR+1

C COMPUTE TANGENT, SINE AND COSINE,H(I,1 ) ,N (J ,J )
150 TA N 8»0SIG N (2.O D 0,(N (IP IV ,IP IV )-H (JP IV ,JP IV )))*H (IP IV ,JP IV )/(D A D S(H  

1 (IP IV ,IP IV )-H (JP IV ,JP IV ))+ D S Q R T ((N (1P IV ,IP IV )-H (JP IV ,JP IV ))**2+  
24.0D 0*H (IP IV ,JP IV >**2)>

COSINE*).0D0/080RT(1 .ODO+TAN6**2)
81NE*TAN6*C0SINE



- 232

H II-N U P IV ,IP IV )
HUPIV,XPIV)-C0SINE**2*(HII*TAN6*(2.ODO*HUPIV,JPIV)*TANfl«H(JPIV,

1JP IV )))
N(JPIV,JPIV)-C0SINE**2*(H(JP1V,JPIV>-TANSM2.0D0*HUPIV,JPIV)-TANG  

1 - H I I ) )
HUPIV,JPIV>-O.ODO  

C PSEUDO SANK THE EI8ENVALUES
C ADJUST SINE AND COS FOR COMPUTATION OF HUK) AND U IIK )

IF < H U PIV ,1P IV ) -  H (JP IV ,JP IV )) 192,132,153
152 HTEHP •  H U P IV .IP IV )

H U P IV ,tP lV ) •  H (JPIV,JPIV)
H (JPIV ,JPIV) -HTEHP

C RECOMPUTE SINE AND COS
HTEHP •  IS I6N  (I.ODO, -SINE) •  COSINE 
COSINE -DADS (SINE)
SINE -HTEHP

153 CONTINUE
C INSPECT THE IQS DETUEEN 2*1 AND N-1 TO DETERMINE
C UHETHER A NEU HAXIUA VALUE SHOULD DE COMPUTE SINCE
C THE PRESENT HAXIHUH IS IN THE I  OR J ROU.

DO 350 1 -1 ,NNI1 
IF ( I * IP IV ) 210,330,200  

200 IF  (I-JP 1V ) 210,350,210
210 IF U O ( I ) - IP IV )  230,240,230
230 IF U O (I) -J P IV )  350,240,350
240 K - IQ ( I)
250 HTEHP*H(1,K)

H (1 ,K )-0 .0D 0  
IP L 1 - IH  
1 (1 ) -O.ODO

C SEARCH IN DEPLETED ROU FOR NEU HAXIHUH 
DO 320 J-IPL1,N
IF  ( X ( I )  -DABS( N ( I , J ) ) ) 300,300,320  

300 X U ) -  DABS(N(1,J))
IO ( I ) - J  

320 CONTINUE 
H(I,K)-HTEHP 

350 CONTINUE
X U P IV ) -O.ODO 
X(JPIV) -O.ODO 

C CHANSE THE ORDER ELEMENTS OF H 
DO 530 1 -1 ,N 
IF  (2 -1P IV ) 370,530,420  

370 HTEHP •  H U ,IP IV )
N ( I , IP IV ) *  C0S1NE-HTEHP ♦ SXNE*HU,JPIV>
IF  < X U ) -  DADS< H ( I , IP IV ) )  >310,390,190 

310 X U ) > R A D S (H U ,IP IV ))
IO U )  > IP IV  

390 H U ,J P IV ) -  -  SINE-HTEHP *  C0B1NE*HU,JPIV)
IF  ( X U ) -  DADS ( H U ,J P IV ))  ) 400,530,530  

400 X U ) > DADS(HU,JP1V)>
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10(11 •  JPIV 
SO TO 530 

420 IF ( I -J P IV )  430,530,410  
430 HTENP •  H ( IP IV , I )

H ( IP IV , I )  ■ COSINE*HTENP ♦ SINE*H<1,JPIV)
IF  ( X (IP IV ) -  B A IS (H (IP IV ,I> ) ) 440,450,450  

440 X (IP IV ) ■ BABS(H(IPIV,1>)
IO tlP IV ) •  I

450 H (I,J P IV ) •  -  SINE*NTEMP ♦ C06IME*KU, JPIV)
IF  (X ( I )  -  DABSt N il ,J P IV ))  ) 400,530,530  

4S0 HTEHP ■ N (IP IV ,2>
HU P1V,I>  ■ C06INE«KTENP ♦ B INE*H(JPIV ,I)
IF  ( X (IP IV ) -  DABSt N ( IP IV ,1 ) ) ) 490,500,500  

490 X (IP IV ) « BABB(H(IPIV,I)>
IQ (IP IV ) •  I  

500 H (JP IV ,1) -  -  SINE*MTENP ♦ COSINE*HtJPIV,I)
IF  ( XtJPIV) -  DABSt H iJ P IV ,I)> >510,530,530  

510 XtJPIV) *  BABStKtJPIV,I>) 
lo tJP IV ) -  I  

530 CONTINUE 
C TEST FOR COMPUTATION OF EIGENVECTORS 

IF <IEOEN) 40,540 ,40  
540 00 550 1 -1 ,H 

HTENP»U(1,IP1V)
U<I,1PIV>-C0BINE*HTEHP+6INE*U<1,JP1V)

550 U U ,J P IV )-  -$INE*HTEMP+CQSINE*UtI,JPIV)
SO TO 40 

1000 RETURN 
END
SUBROUTINE TRANS(AX,BX,CINT,CX,N)
IMPLICIT REAL*8 (A -H ,0-2 )
DIMENSION AXt1B,18),BXt18,1B),C INT(1Bt IB ),C X(1B ,18)

1 DO 5 1 -1 ,N 
DO 5 J-1,N  
C IN T(1 ,J)-0 .0D 0

4 DO 5 K-1,N
5 C 1N T(1,J)-C IN T(I,J )+A X f1 ,K )*B X (J,K )
A DO 12 1 -1 ,N

DO 12 J*1,N  
CX(I,J)-O.ODO  
DO 10 N-1,N

10 C X (I,J )« C X (I,J )iB X (I,K )*C IN T (K ,J )
IF ( 0 .00005-DABS(CX( I , J ) ) >12,12,11

11 CX(I,J)-O.ODO
12 CONTINUE
13 RETURN 

END
SUBROUTINE REAR(A,N)

C THIS SUBROUTINE REARRANGES A ONE-DIMENSIONAL ARRAY A INTO DESCENDING ORDER. 
C N IS  THE NUMBER OF ELEMENTS IN A.

IMPLICIT REAL'S <A-H,Q-Z>
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01HENSI0N A (lO ),X T (t8 > f O(10)
10 10 2 *1 ,N 

10 IT ( |> *0  
NC*1

19 10 20 2 *1»N 
IF ( IT U ) .E f l.O )  GOTO 21

20 CONTINUE
21 C *A (I)

12*1
10 23 1 *1 ,N 
IF (C .G E .A d )) GOTO 29 
1F (1T (I).E Q .1>  GOTO 25 
C*A( I )
21*1 

23 CONTINUE 
>(NC)*C 
IT ( I I ) * 1  
NC-NC+1
IF(NC.LE.N) GOTO 15 
00 30 1 *1 ,N 

30 A ( I ) * B ( I )
RETURN
END
SUIROUTINE THERN 1NQ,NRED,0U,KINIirNUNBf IF6,L6,T,N0TEHfNCTf IT,NOOE,

1HIT,FNEU)
C THIS IS ft 90420-VERSION OF SUBROUTINE ‘ THERMO*. RPFR, ITS PHASE-OIFFERENCE, 
C AND THEIR CHAN6ES OUE TO CHANGES IN F-HATRICES ARE CDHPUTEO. ALL PRINTOUTS 
C OF PROGRAM 9042B EXCEPT FOR THE ALPHANERXC6 ANB STANDARD F-NATRICES ARE 
C BONE IN THIS SUBROUTINE.

IMPLICIT REAL*0 (A-H,0-Z>
DIMENSION IV (1 S ),T (1 0 ),0 V R (2 ,1 G ),D V I(2 ,1 B ),0 V S (4 8 ,1 8 ),Y (2 ,2 4 )f 
1TSU, 24>f B1 (181, B2(1S), 0 3 (1 0 ), B4(1B), 0 5 (1 8 1 ,0 6 (1 0 ), 0 7 0 8 1 ,0 8 (1 8 ) ,
2B0(1B ),0 1 0 (1 0 ),O i l< 1 0 1 ,0 1 2 (1 0 ),0 1 3 (1 0 ),0 1 4 (1 0 ),IT (2 4 ) ,FNEUI24) 

HO-Nfl-NREB 
NN1*NUMB-1 
CALL REAR(OV,NO)
IF(K INB.NE.3) GOTO 100 

5 NP-MCT 
NP1*NP-1 
DO 10 L*1,N0TEN 
X-O.OBO 
00 7 1 *1 ,NO
U R «1.43t5*0V R (L6,I)/T (L )
U I*1 ,4 1 0 3 *0 V (I) /T (L )
X*X+BL0G(UI/UR)+(UR*UI)/2.0D0+BL0G((1 .OOO-BEXP(-UR))/(1.OBO-DEXP( 

1 -U I ) ) )
7 CONTINUE

10 V(LSf L)«X
11 00 15 1*1 ,M0
15 D V I(L S ,I)*B V (I>

IF (L 6 .E 0 .2 ) GOTO 20
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i » i « n
•0  TO 500 

20 50 25 I - 1,1106
5 H I)*5 W (1 ,I> -D V R (2 f I>
5 2 ( I ) * 5 V I( 1 , I ) -B V I (2 #I>
5 4 ( I I* B V R ( I , I ) -5 V S (1 , I )
5 5 (I)*8 V I(1 » I)-5 V 8 (N P 1 ,1 )
54< I)*5V R (2 ,I> -B V S (2 ,I>
8 7 ( I)*B V I(2 * I) -5 V 8 (N P ,I)
D B II)« D 4 (I)-B 4 U >

25 5 9 ( I ) * B 5 U ) -5 7 U )
Nt»MQB+1
50 30 I*NL,NO
5 4 (1 )*BVR(2 ,1 )*DVS(2 ,1 )

30 5 7 (I)*0 V 1 ( 2 ,1) - 5 VS(NP, I )
50 35 L*1,N0TEH 
53a)*Y(2,L)-Y(1,l>
5 l0 a > *(Y (1 ,L )-Y 8 (M P 1 ,L > )*1 .5 2  
511 (L>*(Y (2,L>*Y8(N P ,L) 1*1.02  
512<L)*D11(L)-BtO (L)
513<L>«T(1)*D3(L>
D3(L)*D 3(L)*1.D 2
D 14(L)-T(L)*»12(L>

35 812<1)*B12(L>*1.82  
40 MRITE(4,4001)

4001 FORMAT(1NO," FREBUENCY (CH-1)
1 REDUCED PARTITION FUNCTION RATIO')
URITE(4,4002>

4002 FORMAT(IX,  ------------------------------------------------------------------------------------------------
1------------------------------------------------------------------------------------------------------------------------
 2 ')

URITE(4,4003)
4003 FORMAT(IX, '  BAS L IO U II

1 PHASE-SHIFT')

HRITE(4,4004>
4004 FORMAT ( IX ,  ' ....................................... ..............................................................................

1 ') • *

HRITE(4,4003)
4005 FORMAT(IX, '  REFERENCE ISOTOPE REFERENCE ISOTOPE REFE 

1RENCE ISOTOPE TEMP SAS LIQ 100*DIFF T*OI
2FF ')

HRITE(4 ,4004)
4004 FORMAT ( IX ,  ' ............................................................... ..................... ................. ...............

1—         ----
 2 ')

HRITE(4 ,4007)
4007 FORMAT!tHO)

50 45 1*1,NOG
45 HRITEU,400B> 5 V R (1 ,I),B V I(1  , l ) , 5 W ( 2 , I ) , I V I ( 2 , I ) , 5 l ( 2 ) , 3 2 ( I )
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*001 FOfttf AT ( t X f 
10 40 I*NL,MQ

44 GRITE(4,400t> D V R (2 ,I) ,D V I(2 ,I)
400? FORMAT(25X,2F12.3)

URITE(4,4007>
10 90 L*1,N0TEN 

90 URITE<4,4010) T (L 1 ,Y d  ,L ),Y<2,L1,D3<L) ,D1J(L>
4010 FORMAT(71X,F10»2,2F11.5,2F10.4)

40 IIR ITE(4,4011)
4011 FORMAT(1 H O ,///1 X ,"  EFFECT OF MODIFIED F-MATRIX FOLLDUSl

1VALUES UNDER "CHANGE IN REDUCED PARTITION FUNCTION RATIO" ARE 100*
2ACTUAL " I 

URlTE(4f 4Q12>
4012 FORMAT U N O ,' CHANGE IN FREQUENCY (CN-1)

1 CHANGE IN REDUCED PARTITION FUNCTION RATIO"I
URITEU,4002)
URITE(4f4003)
URITE(4,4004)
URITE(4|400S)
VR1TE(4,40041 
URITE<4,4007>
DO 45 2 *1 ,NQG

45 URITE(4,40081 D 4<I> ,8 5 (1 1 ,B 4<I> ,07 (11 ,08 (11 ,09 (1 )
DO 70 I«NLpHQ

70 URITE(4,400?) D 4(I1,D 7(11  
MRITEI4,40071 
DO 75 L*1,N0TEH 

75 URITE<4,4010) T(L1,D10<L1,D11(L1,D12(L1,D14(L1  
00 TO 900 

100 DO 105 1 *1 ,NQ 
105 DVS(NUND,I)*DV(II

IF (K IM D .N E .I) 00 TO 200 
110 DO 115 I * l f MO 
115 DVR(LG,X>*DV(I)

1FTNUMD.LE.2) OOTO 500
120 IFUG.EQ.2.AND.1FS.EQ.0) 60T0 125 

IF(LG.EQ.t.AND.lFS.EO.O) GOTO 121 
00 TO 500

121 VR ITE(4,40111 NODE
4011 FORMAT(1HO," GAG F-MATRIX IEING MODIFlEDi MODE -  ",131 

GO TO 110 
125 UR1TE(4,4014) NODE

4014 FORMATdHO," LIQUID F-NATRIX DE1NG MODIFlEDi MODE *  ",111  
190 URITE<4r4015) ( I T ( I » ,1 * 1 ,NIT1

4015 FORMAT(IX," I T ( I )  *  ",20111  
1F(M0DE*NE*41 BOTO 500 
URITE(4,4014) (FN E U (I),1 * 1 ,H1T1

4014 FORMAT(IX," FN EU(I)* ",SF12.41  
•0  TO 500 

200 DO 210 L *1 , NOTEN 
X*0*0D0
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10 1 07  1*1 ,NQ 
U R -1 .4 3 I5 0 V R (1 0 ,I)/T (L )
U I*1 .43B 5*1U U > /T (U
X*X *llO G (U I/U R >+(U R -U I>/2.0!0+!L06t(1 .010-DEXR<-UR)) / ( t .ODO-SEXPt 

1 - I I I  >) >
207 CONTINUE
210 T6(NUf»rL>*X
211 10 219 1 *1 ,NQ 
215 1 V M L 6 ,I)*1 V U >

IF1L6.E0.2) SOTO 220 
NQB*H0 
NL*N06«1 
BO TO 500 

220 10 225 1*1|HQB
11U>«lVft(1(I>-SVR{2,I>

225 12(I)*lVI(1Pn-lVl(2,I)
10 235 L *1 t N0TEN 
13(L>*Y0(NUHBPL>-YS(NH1PL>
1131L)*T(L)*03(L)

235 D3(W*B3U)*1.D2 
240 URITE(4P4001>

UR1TE(4P4002>
UR1TE(6P4003)
URITE(4t 4004)
URITE(4'4005)
URITE(6P4004)
UR!TE(4t 4007)
10 245 1 *1PNQ6

245 MRITE(4,4000) 1VR(1»1) PDVI<1PI> P1V R (2 ,I> f 0 V I t 2 , I ) ,1 1 ( I ) ,1 2 (1 )
00 244 1*NLPHQ

246 URITE(4,4009) 1VR(2PI ) P1VI<2,1>
URITE(6P4007)
10 250 L*1fNOTES 

250 URITCUr4010> T(L)PY8(NH1 PL>PYS(NU«1PD P13<L>P113(L>
500 RETURN 

EN1


