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STABLE ISOTOPE STUDIES

Abstract

The B1gele1sen-Brooks-Ishlda-Rlbnlkar cryostat has been
re-assembled and re-calibrated. The vapor pressures of 12CHF3 13CHF3,
and 1ZCDF have been measured a%aln in the cryostat at temperatures
between -147°C and -60°C. 3cuF j-sample used in previous measure-
ments has been found to contaln 1. 3/ of an impurity which escaped
our detection earlier -and has had to be re-purified. The new data are
best represented by

p' (Y2cuFs) _ 389.2

T 1n = + 1.511
P (120DF3) T
and
12
P'(T"CHF3) _ 72.21
T 1n =12.22 _'p,1313
P (13CHF3). T

The observed normal isotope effect of the D-for-H substitution with the
positive slope in the Elot of T 1n(P /P) vs 1/T and the observed inverse
" isotope effect of the C-for-12C substitution with the negative slope

in the plot of T 1n(P'/P) vs 1/T are simultaneously explanable only in’
terms of an occurrence of a blue-shift in the C-H stretching frequency
upon condensation of fluoroform molecules. The blue-shift is conceivable
on the basis of an extensive external-internal interaction through a weak
hydrogen bonding.

The vapor pressures of 12CH3F l3CH3F and 12CD,F have been measured
in the cryostat at temperatures between -141°C and -60°C. The D-for-H
effect in methyl fluoride ie a very positively normal isotope effect with
a large positive slope and is representable by

12
, P' (T°CH3F)
T 1n 3 2012:6 _ 5 44
P (12CD3F) T
13 12 |
The C-for-""C effect in methyl fluoride is a slightly inverse isotope

effect with a slightly positive slope and is best expressed by

P'(120H3F) 54,37

T 1In
P (13CH3F) T

- 0.5787

. The construction of all stainless-steel nitrogen-15 exchange column
based on the pressurized NO/N203 system has been completed. A product
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refluxer made of Pyrex after the design of Monse, Spindel, Kauder, and
Taylor has been operated under various flow and concentration conditionms,
which led to a new design for the SO,~flow control: The reaction zone is
more reliably controlled by detecting a rise in temperature by means of a
thermistor. Still another reflux system has been designed and comstructed,
which utilizes the reduction of nitric acid by a ferrous salt solution in
dilute sulfuric acid. To facilitate total nitrogen determination at a

" sub-ppm level, a microanalytical method based on the Devarda's alloy
reduction and the Nessler colorimetry has been developed.

Two Fortran programs have been written for studies of differential
isotope effect. One of them, DIE, is based on the WIMPER expansion of
the isotopic reduced partition function ratio and is designed to test
various levels of the approximation for the differential isotope effect.
The other program exactly calculates the differential effects of small
force constant changes in the liquid F-matrix and produces a compact
tabulation of essential data for fitting a liquid z-matrix to observed’
vapor pressure isotope effects.

This year has been marked by aftermath of the moving from Brooklyn.
College to Stony Brook. A significant ampunt of efforts has been
expended for re-construction of the equipment. Also, 550 tracks of
computer programs and numerical data have been transferred from the
IBM-370 system at the City University of New York to the UNIVAC-1100
system at Stony Brook.:



II. SUMMARY

II-A. SCOPE OF ACTIVITIES

During the past year one principal investigator, two postdoctoral
fellows, four graduate students, and one undergraduate student have
participated in various studies of this project. 1In addition,

Dr. William Spindel of National Academy of Sciences collaborated in the
studies of nitrogen-15 fractionation systems. We also shared one quarter
of a secretaryis time with other faculty members of the Chemistry
Department on this campus.

' Following our move from Brooklyn College, Brooklyn, New York, a
subétantial effort has been expended in re-construction, re-calibration
and re-debugging of the experimental facilities, in particular, those 6f
the precision cryostat, its control systems, nitrogen-15 fractionation
systems, masé-spectromeﬁer, and various vacuum systems. At the same time
the computer‘programs and numerical data files which were on 550 tracks
of disk storage have béen successfully transferred from the IBM-370
system at the University Computer Center of the City University of New
York to the UNIVAC-1100 system at thé'Stony Brook campus of the State
University of New York. | |

Our studies during the yeér consisted of.éryostatic measurements of
vapor pressure isotope effects in fluoroform and in methyl fluoride,
studies of nitrogen-15 fractionation by exchange between pressdrized
nitric oxide and liquid dinitrogen trioxide, studies of a new product
reflux method -for the Nitrox process, and the theoretical investigations
that included a study of improved correlafion between isotope effect and
. molecular forces and a study of the differentidl_isotope effect. One.
manuscript submitted to Journal of Chemical Physics has been accepted.
The progresses made in these areas of study during the current year will
be summarized in five parts in Section II-C, and their detailed accounts
will be presented in Section III, "SCIENTIFIC PROGRESS.™

We have not received any éupport other than this Department of

' Energy funding in this period.



II-B. PUBLICATIONS

One manuscript has been accepted for publication in Journal of
Chemical Physics (tentative issue; February 1, 1981). The manuscript
is attached as an Appendix of this report:

"Correlation of the Isotope Chemistry of Hydrogen, Carbon and

Oxygen with Molecular Forces by the WIMPER(2) Method,"
J. Bigeleisen, T. Ishida, and M. W. Lee.



II-C. SUMMARY OF SCIENTIFIC INVESTIGATIONS

The following is a five-part summary of various achievements for

the current year that are still in progress.

(1) Re-assembly and Re-calibration of Precision Cryostat [cf: Section .
ITI-A-1]: 4

The BBIR-type precision cryostat originally built and used in
Brooklyn has been moved, partially dismantled, to the new site here at
Stony Brook and has since been re-assembiied. Several improvements that
we thought about while operating it in Brooklyn have been instituted.

They include rewinding of heater wires, enhancement of heat transfer
between the temperature sensors and the radiation shields, elimination

of constant heat leak from the sample holder block, installation of a

new, 5-position liquid nitrogen level control,'and addition of a bellows
valve on each sample capillary line to facilitate zeroing of the
capacitance gauges in thé'middle of a run. The quartz spiral gauge for
the measurement of absolute pressure of reference isotopic molecules has
been calibrated again after the moving against an NBS~certified Ruska

. dead-weight gauge. We found that the moving did not cause any significant
change of calibration over its entire pressure range. The temperature
scale of the cryostat has been calibrated again in situ by comparing the
vapor pressure of pure ethane of the natural isotopic abundance measured
by the quartz sﬁiral gauge as a function of temperature (measured by the
platinum resistance thermometer inserted in the sample holder block of the

cryostat) to the vapor pressure data of Rossini.

©

(2) Vgpqr’?;essure Isotope Effects in Fluoroform [cf: Section II1I-A-2]:

Since we moved we found that the sample specimen of 13CHF3 we
previously used for the measurements of vapor pressure isotope effect
(VPIE) in fluoroform contained 1.3% of chemical impurity, which had

escaped our detection due to a particular choice of analytical conditions

in gas chromatography. Accordingly, the l3CHF sample has been re-purified

3
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and re-analyzed, and the VPIE data of fluoroform has been re-taken at
temperatures between -147°C and -60°C. The results are reported in
Section III-A-2,

‘'The D-for-H substitution in fluoroform yields a normal VPIE, i.e.,

?'(H)>P(D), at these temperatures, which is best represented by

. and the 13C for-lZC "VPIE in fluoroform, which is an inverse VPIE, i.e.,
P’ ( CHF )<P( CHF ), is best expressed as
P! 72.21

T ln—P—= ’—-Tr—— 0.1313

Contrary to our last report the magnitude of the negative slope of the
13C/ C-VPIE is so small that the second cross-over will not occur in

the liquid temperature range. - These VPIE-data on the two sets of isotopic
pair support the fact that the C-H stretching frequency of fluoroform
blue-shifts upon condensation. A correlation between the blue-shifting

C-B frequency and an intermolecular hydrogen bondiﬁg has been.discussed.

(3) Measurements of Vapor Pressure Isotope Effects in Methyl Fluoride
[cf: Section III-A-3]: ‘

As a second part of our VPIE studies of fluoroﬁethanes we have con-
ducted the measurements of VPIE in methyl fluoride by using 12CH3F as a
reference gas and by taking vapor pressure differences between 12CH3F
and 12CD3F and also between 12CH3F and 13CH3F The syntheses, purifi-
cation, and analyses of the samples of these isotopic molecules had been
reported previously. ‘

The D/H-effect in methyl fluoride is a normal isotope effect and can
be best represented by

P' _ 2012.6

Tln"-P—=—T-3.161

The l3C/lzc-effect in methyl fluorlde is a sllghtly inverse VPIE with a

small p051t1ve slope expressed as



P' _ 54.37 _ . o,
T In 5= 2 0.5787

(4) ﬁitrqgen—lS Fractionation Studies [cf: Section II1I-B]:

After the moving from Brooklyn, the partially disassembled system

for nitrogen-15 fractionation studies of the NO/NZO ~system has been

re-assembled. The isotope exchange column system, 2xcep; for the product
reflux column, was constructed of Type'316 stainless steel. The reflux
column system made of Pyrex after the design of Monse, Spindel, Kauder,
and Taylor was exteﬁsively tested to obtain basic operational data and
to gain familiarity with the system. The control for the flow rate of
SOz'has been changed from the photocell system of the original design to
a thermistor method, in which the reaction (exothermic) zone in the
packed column is detected by a thermistor and ghe information on the
temperature is used to operate a'ppeumaﬁic valve insgrted;in a side path
of an 802 supply line. This method offers much higher versatility and
reliability than the photocell method.

A new product reflux systgm for the reduction of enriched HNO3 has
been conceived and built. This system is based on the reduction of HNO3
by ferrous salt solution of dilute sulfuric acid, followed by a thermal
decomposition of the FeNO2+ complex. The ferrous salt can be re-generated
by an electrolytic reduction.

To facilitate a quantitative analysis of a sub-ppm concentration of
total nitrogen in connection with the nitrogen isotope fractiomation
studies we have developed a reliable method fqr the low concentration
nitfogen based on the Devarda's mefal reductidﬂ of nitrate, followed by

the Nessler colorimetric determination of ammonia.

(5) Studies of Differential Isotope Effecté'[cf: Section III-C]:

In the search for a simple approximation method for the effect of a
small change in é force constant matrix element on‘isotope effects, we
had last year reportéd a method based on the WINIMAX expansion of the
isotgpié reduced partition function ratio. We have now written a

Fortran Program, DIE (Differential Isotope Effect), with which we plan to



examine the extent of accuracy with which the various levels of approxi-
mation by this short-cut method will predict the differential effect.

In the meanwhile, we have written another Fortran program, P9042D,
whicﬁ computes the differential effect of small force constant changes
in liquid g-matrix on the vapor pressure isotopé effect. This program
employs an exact numerical calculation of the differential effect that.
involves solutions of the secular equationmns. The program allows a series
of changes in the liquid E—matrix, and produces a compact table of

frequencies, 1n(fc/fg), and T ln(fc/fg).
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II-D. PERSONNEL

The scientific personnel for the current year has consisted of one
principal investigator, two postdoétoral fellows, four Ph.D. students,
one undergradhate student, and one consulting collaborator. We also
shared a secretary with other projects in the Department.

The principal investigator, Professor Takanobu Ishida, spent an
average of 257 of his time for'the project during the academic year and
two full-time months during the summer.

Dr. Takao 0i devoted 100% of his time throughout the project year
working on the re-construction of the cryostat and the measurements of
vapér pressure isotope effects in fluoroform and methyl fluoride.

Dr. Motonari Adachi arrived here in July from Department of Nuclear
Chemical Engineering, Institute of Atomic Energy, Kyoto University,
Kyoto, Japan. Hg has since worked full time on the product refluxer for
the nitrogen-15 fractionatioﬁ system.

Two graduaté étudents, Mr. Jan Shﬁlman and Mr. Michael Prencipe,
who were.midway through their doctoral researches when we moved from
Brooklyn, continued their work here at Stony Brook after the moving.

Mr. Shulman worked full-time on his study”of vapor pressure isotope

effect in methyl fluoride for thé pgriod throughAAugust, during which

hé was fully supported by this project. Since the heginning of September
he, who elected to remain'a Ph.D. student at the City University of New
York, has been partially supported by the Chemistry Department at Brooklyn
College through teaching.  During this period,he has spent about 757 of
his time for the project. Mr. Prencipe, who originally elected to transfer
to the State University of New York, has sincé reversed his decision and
has been reactivated as a Ph.D. student of C.U.N.Y. He worked full-time
at Stony Brook for his thesis research on the nitrdgen-ls fractionation
studies. ' ‘ ‘

Two new Stoﬁy Brook graduate studénts, Miss Arundhati Kanuﬁgo and
Mr. Tseng Ven King, have started to work in this project at the start of
the summer. Miss Kanungo is f;om Iﬁdia, and Mr. King is from People'é
Repﬁblic of China. They are both second year graduate students and want

to study vapor pressure isotope effect. Both spent 1007 of time during



the summer and 75% of time since September preparing themselves for
their thesis researches. The project has fully supported both since
June. Miss Kanungo wants to work on che\vapor pressure isotope effect
in methylene difluoride. Mr. King has not decided on a chemical species
the vapor pressure isotope effect.of which he wants to investigate. He
" spent a considerable amount of time in studying and modifying the
"Schachatschneider programs. ’

An undergraduate student, Mr. Riazulla Rouhani Manshadi, spent 10
- hours per week during the Spring and Fall terms of 1980 and 20 hours per
week during the summer months.  This Iranian student wﬁfked on the
improved method of total niﬁrogen determination. He did this as a
special course work during the academic,year and received compensation
_on the hourly basis during the summer. A

Dr. William Spindel of the National Academy of Sciences participated
in our study of nitrogen-15 fractionation systems and spent a total of 15
-days, for which he was compensated by the project. .

We closely collaborated with Professor Jacob Bigeleisen's research
group. His postdoctoral fellow, Anthony Popowicz, in particular used
his expertise in the cryostat assembly and operation, giving his advices
and instructions to the students in this project. .

We shared Miss Lillian Richardson's time with other members of the
Chemistry Department (Drs. Harold Friedman, Philip Johnson, Allen Krantz),
who spent 25% of her time for this project throughout the year.



III. 'SCIENTIFIC PROGRESS

' (A§ VAPOR PRESSURE ISOTOPE EFFECTS IN FLUOROMETHANES

(A-1) Reassembly and Calibrations of Precision Cryostat
| by Takao 0i and Jan Shulman

The system of precision crystotat » Which consists of the
modified BBIR-type cryostat, sample~handling vacuum lines, a Mensor
spiral quartz gauge, and three differential capacitance gauges, inter-
faced with an LSI-~11l microcomputer (MICROFLQP—ll) for experiment control
and data acquisition, has been re-assemblied in a fourth floor laboratory
at'Stony Brook after it was moved, disassembled, from Brooklyn College.
Some improvements in design have been instituted during the re-assembly.
The quartz spiral gauge has been re-calibrated over its functional range
of 0-1500 torr against a Ruska dead~weight gauge; The platinum
resistance thermometer in tﬁe base of the sample holder block of the

cryostat has been calibrated in situ against the known vapor pressure

data of ethane.

(A-1-a)  Improvements on Cryostat Design: Taking advantage of the

moving of the equipment which forced us to partially disassemble the
cryostat and the associated plumbing and instrumentation, we have made
following improvements in the system. Figures 1 and 2 have been copied
from.our ﬁrevious reports for orientation purpose.

During its operation while in Brooklyn we felt that the heater power
on the lower radiation shield (LRS) was too low. Therefore, we re-woundv
the LRS heater with 255 feet of Gauge No. 30 constantan wire,‘which now
provides 671 ohms of resistance at room temperéture instead of 297 ohms
for the nld wiﬁding. The heater wire terminals on the radiation shields
(the lower (LRS), the upper (URS), and the auxiliary (ARS)) have been
re-designed to make them short cifcuit—proof. Thermal coﬁtaéts between
all platinum resistance thermometers (PRT) and the radiation shields have

been increased by building up epoxy cement around the PRTs. Similar
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improvement has been implemented for the thermocouple junctions. A
better thermal contact has been accomplished between the capillary
sample lines and the LRS, URS, and ARS by filling with soft metal filler
the gap between the capillary lines and the holes through the radiation
shields. , ' 7

fg; gap between the head of the bellows and the gold—platéd contact

plate in the thermal switches has been decreased. The pair of copper
lines used to provide a constant heat leak between the sample holder (SH)
block and the thermal switch base have been completely disconnected to
achieve a slower temperature drift of the SH.

_ In the previous design, levels of liquid nitrogen in the cryostat
dewar had been fixed near the elevation of the SH base. To achieve more

flexibility in the selection of LN, levels we have installed five sensor

heads which are selectable by meanﬁ of a rotary switch. Each sensor
head consists of a paif of 10009 carbon resistors placed vertically about
1 1/4" apart, one of whichAa;tiﬁé as a low level sensor and the other as
a high level sensor.

To facilitate re-zeroing of the capacitance gauges duriné vapor
pressure measuremenﬁs, four Nupro bellows valves have been installed
along four lines connecting thé sample capillary lines of the cryostat
and the sample-handling vacuum lines. Referring to Figure 2, the new

valves are located (but not shown in the figure) along the vertical linmes

marked "To Cryostat" on'theAupper left-hand cormer.

(A-1-b)  Recalibrativu: Although the quarte spiral gauge for

" absolute pressure measurement of reference gases had been calibrated
against a Ruska dead-weight gauge while in Brooklyn(l),'we felt it

| advisable to re-calibrate it after the moving. The same Ruska gauge,
Model #2460, with the standard weights calibrated by the National Bureau
of Standards. (Job. #14662) that we used before has been used, a courtesy
of Professor Jacob Bigeleisen. One hundred seventy seven points have been -
taken between O torr and 1499 torr at a spiral gauge temperature of
49.36 + 0.58°C and against the atmospheric pressure as reference. All
points line well along a straight line. Result of a least squares fit

to the form,
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P = aQ + bQ> + cQqQ ,

where P is the differential pressure in torr and Q the quartz gauge
" decade counter reading, is as follows: ‘
-1.8052 x 104+ 3.628 x 1071°
1.4810 x 107° & 4,536 x 10721

1.5243 x 102 '+ 1.300 x 100

+

b .

]

c

These calibration points agree very well with 151 pdints obtained in the

1 This is gratifying since it shows that.the

previous calibration.
moving did nthaffect the quality of the gauge.

To facilitate a reliable temperature scale for the vapor pressure
measuremeﬁts we have purifigd ethane of the natural isotopic composition
aﬁd have déed them to calibrate the platinum resistance thermometer,(PRT)‘
coaxially inserted in the base of the sample holder block of the cryostat.
The sample of ethane purchased from Matheson has been purified by means
of a preparative gaSvchromatography.using a 5 meter column (3/8" 0.D.)
Aof.molecular sieﬁe“(l3X, 60-80 mesh) at 4060°C. An analysis of combined
fractions of the purified ethane showed the following impuri;ies:

10 ppmlof COé, 20 ppm of HZO’ 25 ppm of ethyléne, and»a barely detectable
(<1 ppm) amount of propane. Vapor pressure of ethane was used to cali-
brate the PRT output(zitween 128°K and 199°K, and the vépor pressure

equation of Rossini,

_ 656.40
~ 256.00+t(°C)

log,, P (torr) = + 6.80266 , 1)

was applied. The calibrationlfable supplied bj the manufacture of the
PRT placed in the sample holder of the cryostat yielded a consiétently
higher temperature by about 0.11°C compared to the Rpssini's vapor
Apreséure equation: The least-squares fit of 105 calibration points to
the functional form

= b | . (2a)

logyg B (torm) = grprreey

led to
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-651.71

a = + 0.76
= 255.34 % 0.10 | (2p)
c = ' '

- 6.7892 * 0.0026

The PRT temperature scale has been modified accordingly.
The re-constructed and calibrated cryostat has then been used to

measure the vapor pressure isotope effects in CHF3 and CH3F.
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(A-2) Vapor Pressure Isotope Effects in Fluoroform

by Takao. 0i, Jan'Shulman, and Anthony Popowicz

(A—Z—a) New Data on Vapor Pressure Isotope Effects in Fluoroform:

The vapor pressure isotope effect (VPIE) in fluoroform for the 12CDF3/

12cm;3 and l3CHF3/120HF3 (1 .

cryostat was re-constructed and re-calibrated, its performance was tested

pairs were reported previously After the

by repeating the VPIE measurements for the fluoroform pairs at tempera-

tures between 126.00°K and 212.16°K, which corresponds to the 12CHF3

napor pressures ranging from 1.648 torr to 2203.9 torr. This should be

compared to the range of temperatures, 133°K to 193°K corresponding to

(1)

= 4.5 torr ~ 814 torr, that we were able to attain in Brooklyn
The extended temperature range has been made possible due to an improved
temperature stability of the sample holder block of the re-constructed
cryostat. ‘

(1)

These measurements and the last year's VPIE data agreed well for

both isotopic pairs, until we noticed a rather sharp apparent increase

in the lBCHF /lZCHF -VPIE at and above 190°K: The plot of T 1n

[P( CHF )/P%IBCHF ?] against 1/T has a negative slope in the inverse
VPIE reglon, the plot generally approaching the zero-line (zero:isotope
effect) with ‘an increasing temperature, as illustrated on page 50 of last
year's progress report(l). We then found the sharp break away from the
zero-line at about 190°K. The discontinuity was proved reproducible in
several test runs. '

We decided to analyze the'samples of all isotopic fluoroform for
cnemical impurities, although each isotopic fluoroform had been
carefully purified and analyzed to the extent that all 1mpur1t1es were
reduced to the order of 10 ppm or better( ) (or, that's what we thought).
To our dlsmay we found in the 13CHF3 specimen a new impurity at a level
of 1.3%(!), which was originally hidden under the main peak in all the
gas-chromatographic analyses Last year, 13CHF3 was purified by a bulb-
to—bulb distillation, followed by a passage through a Chromosorb-102 tube
at -50°C and then through an Ascarite tube. The sample was analyzed

.gas—chromatographically using a 6~ft. column of Spherocarb 80/100 at



-16~

117° ~ 227°C. The purified sample contained 7 ppm of'CO2 and 7 ppm of
3= 4.61). After

the suspicious VPIE results were obtained, use of an alumina (80/200)

unidentified impurity (retention time relative to CHF

column for a GC analysis at 60°C revealed the major impurity (1.37% by
area) at a relative retention time of 0.30 (relative to the CHF3 peak).
did not contain this impurity. 13CHF was '

3 3
re~purified by using a preparative gas-chromatograph with a 5 meter

Other isotopic CHF

column (3/8" 0.D.) of alumina at 0°C. The gases were carried through
by a flow of helium at 20 cc/min. The majoriéy of the newly detected
impurity was eluted out of rthe column between 3 1/2 hburs and 6 1/2
hours, during which ‘time, only 5% of total charge of fluoroform came
out. All the remaining fractions were combined and subsequently used

for renewed VPIE measurements.

13CHF/12CHF3
have since been carried out using the re-purified sample of 13CHF3. The
results are summarized in Table 2 and Figure 4. The VPIE data for the

12

A new series of cryostatic VPIE measurements of the -pair

CDF3/12CHF3-pair are summarized in Table 1 and Figure 3.

The results of Figures 3 and 4 have been least-squares fitted to the

form,
4 e | . |
T,TLn‘P —T+.B+CT | | (3)
For the 13C/lZC-effect we found
0,2
- -56.65 + 8.02  (°K)
B = -0.3236 % 0.0988 (°K) (4).

0.00059 :i 0.00030
For the D/H~effect we found

= 6.72 + 28.88 (°K2)
B = 6.267 + 0.357 (°K)
= -0.01457 % 0.00109

We also fitted the data to the form,

P' A ‘
o 5
T In 5 T + B ‘ (5)

which yielded, for the lsc/lzc-effect.



Table 1: Hydrogen Vapor Pressure Isotope Effects in Fluoroform

O U N~ O 0N UT S Gl A =

_. . .
O GO O Dl DI = ! Z

T 103/t

o CKh
126.00 7.936
126.95 7.877
127.84 7.822
128.72 7.7469
129.16  7.742
129.64 7.7214
129.97 7.494
130.51 7.682
131.39 7.402
132.54 7.954%5
133.01 7.518
133.53 7.489
133.71 7.479
133.75 7.477
134.135 7.454
134.15 7.454
134,69 7.424

135.14 7.400 .
135.17 7.398
135.17 7.398
135.72 7.348
136.16 7.344
136.17. 7.344
136.64 7.319
136.64 7.317
137.04 7.297

L
P T'ln(PH/PD)
(Torr) Date
1.6478 +4.406 09/08
1.8993 +4,349 09/08
2.1600 +4.418" 09/08
2.4587 +4.,347 09/08
2.6142 44,679 19/29
2.8124 - +4.308 09/08
2.9252 +4,578- 10/28
3.1630 +4.277 09/08
3.6554 44,264 09/08
4,1889 +4.233 09/08
4,4587 +4,611 10/23 -
4,7712 +4.391 08/13
4.8871 +4,440 10/28
4.9099 +4.263 09/08
5.1828 +4,347 08/13
5.1828 44,273 09/02
5.5502 +4.403 10/23
5.8993 +4.350  08/13
5.9221 +4.,405 10/28
5.9237 +4.218 09702
6.3596 +4.516 10/29
6.7148 +4.341 08/13
6.7179 +4,513 " 10/23
7.1478 +4.394 10/28
7.1815 - +4,257 .09/02
7.5106 10/29

[ continued ]

+4.457
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[ Table l;‘continued ]

No.

27
20

29

30

3

32
33
34

35
36
37
38

39

40
a1
42

43 -

24
45
44
A7
48
49
50
51
52

T 103/T
(°K) cx
137.14 7.292
137.66 7.265
137.78 7.258
138.06 7.243
138.16 7.238
138.32 7.230
138.44 7.223
138.96 7.196

- 139,06 7.191
139.14 7.186
139.18 7.185
139.465 7.161
139.75 7.1564
140,13 7.137
140,15 7.13%
140.43 7.2
140,79 7.103
140,84 7.100
141.15 7.085
141,27 7.079
141. 41 7.072
142.05  7.040
142.17 7.034
142.17 7.034
142,53 7.014
142.44 7.010

1
P T ln(PH/PD)
(Torr) bate
7.5914 +4,317 08/13
B.1112 +4.470 10/23
8.2454 44,267 09702
8.5472 +4,404 10/29
8.6433 +4,307 08/13
8.8475 +4,247 09/08
9.0091 44,202 08/19
9.5564 +4,243 09/02
9.4494 44,361 10/29
9.8171 +4,183 09/19
9.7927 +4,424 10/23
10.422 44,207 09/08
10.494 +4,342 10/29
11,014 +4,233 09/02
11,052 44,144 08/19
11.386 +4,324 10/29
11.927 +4.314 09/15
11,979 +4,215 09/08
12.414 +4.189 08/19
- 12.570 +4.311 10/29
12,778 44,222 09/02
13.741 +4.301 10/29
13.947 44,219 09/15
13.985 4,131 0B8/19
14,563 +4.201 09/02 -
14,757, +4,198 08/20

[ continued ]

_8'[_



[ Table 1; continued ]

No.

33
J4
99
36
-7
38
39

60 -

81

62~

43
84
65
68
67
48
69
70
71
72
73
74
75

76

77
78

T 1031
°K) k'
143,02 §.992
143.14 6.986
143.24 6.981
143.64 6.962
143.74  6.957

- 144,14 $.938
144,464 6.914
144.95 6.899
144.98 6.898
145.14 6.890
145.14 $.890
145,76 6.841
144.13 - 6.843
146.14 -4.0843
146,14 6.843
144,59 6.824
146,64  6.819-
144.46% 6.817
147.15 6.794
147.17 6.795
147 .43 6.783
147.35 - - 6.777
147 .60 . 6,773
147.45 6.773
148.15 $.750
148.43 6.737

1
P T ln(PH/PD)

(Torr) Date
15.327 +4,321 10/24
15.595 +4.192 08/19
15.723 +4,262 10/29
16.501 44,223 09/15
16,697 +4,213 09/02
17.4318 +4.185 08719
18.343 +4,291 10/24
19.023 +4,238 10/30
19.102 +4.204 09/02
19.474. 44,201 09/15
19.489" 44,145 08/20
20.773 +4,223 10/30
21.448 +4,241 09/08
21,642 i+4.248 10/24
21.712 - +4;142 08/20
22,483 +4,189 09/03
22.883 +4,203 10/30
23.019 +4,192 09/15
24.199 +4,120 08/20
24,232 +4.118 09/15
24.923 +4,191 09/08
25.240 +4,163  09/03
25.405 +4,148 09/15
25.484 +4.199 10/24
26.915 +4.107 08/20

+4.145 09/16

27.724

[ continued ]_



[ Table 1; continued ]

T 103/T

No. (°K) . (°K )

79 148.56 6.731
80 148.76 6.722
81 149.195 6.703
82 149.16 6.704
83 149.16 6.704
84 149.44 6.692
83 149.94 6.670
86 149.96 6.668
87 150.15 6.660
88  150.44 6.647
89 150.64 6.638
70 150.65 6.5638
1 151.13 6.617
92 . 151.13 6.417

93 151.16 §.514

94 151.44 6.603
95 151.94  6.581
94 152.14 6.572
97 152.18 6,571
98 - 152.35 6.564
99 - 152,47 6.559
100 152.86 6.550
101 152.664 $.550
102 . 153.12 6.534
103 153.14 6.530
104 153.16 6.529

]
P T ln(PH/PD)

(Torr) Date
28,032 13,170 10/30
28.659 +4,143 09/03
29.814 +4.097 08/20
29.794 +4,167 10/24
29.879 +4,170 09/08
30.489 +4.134 . 09/16
32.274 +4,143 10/30
32.410 +4,125 09/03
33.048 +4,089 08/20

-~ 33.988 +4.125 09/14
34.705 44,147 09/08
34,661 +4.138 10/24
36,375 +4.120 10/25
36.438 +4,103 09/03

34,546 +4,076 08/20
37.561 +4.112 09/14
39.452 +4,087 10/25
40.374 +4,066 08/20
40.372 +4.105 10/24
41,138 +4,081 09/03
41,613 +4,093 05/14
42,318 +4,100 10/30
42.486 +4,078 08/21
44,415 +4,077 09/41
44,444 +4,052 08/20
44,441 +4,048 10/25

[ continued ] -



[ Table 1;”éontinued ]

. [ continued ]

77 .481

3 : .
T 10°/T P T In(RY/P)
No. ©(°K) (°K 1) , (Torr) Date
103 153.53% 6.513 46.244 +4,062 09/03
- 106 153.47 4.508 44,622 +4,086 10/24
107 154.17 6.48% 48.907 . +4,058 10/25 .
108 154.34 6.478 49.939 +4,056 08/21
- 109 154.65 6.466 - 91.272 +4.077 09/11
110~ 154,77 6.461 -~ 51.919 +4,043 09/03
m 155.15 6.445 53.711 +4.047 10/25-
112 155.15 8.445 53.830 +4.042 08/21
13 155.65 6.425 56.470 +4,070 09/08
114 155.94 6.413 57.947 +4,024 09/03
115 155.95 6.412 58.040 +4,062 09/16
116 156.16 6.404 59.009 +4,032 10/25
117 156,16 6.404 59.128 +4,024 08/21
118 157.12 8.345 64.579 +4,042 09/08
1y 157.14 6.364 64.607 +4,009 09/03
120 157.16 6.363 54.648 +4,023 10/25
12¢: 157.16 - 6.363 64.804 +4.009 08/21
122 157.24 6.360 65.183 +4,041 0%/11
123 157.43 §.352 °  44.270 44,022 10/30
124 157.62 6.344 67.661 +4.036 08/27
. 125 158.15 6.323 70.803 +3.994 . 08/21
124 158.17 6.322 70.9146 +4.008 10/25
127 158.34 6.316 72.083 +3.987 09/03
128 158.67 6.302 74.251 +4.035 09/12
129 158.9% 6.291 76.132 +4.018 09/08
130 159,15 . 4.283 +3.978 08/21

el A



[ Table 1; continued ]

1

T 103/T
o o"]-
No. (°K) (°K 7)
131 - 199.23 6.280
132 199..34 6.277
133 159.94 6.268
134 160.16 6.244
135 160.19 6.243
136 160.26 6.240
137 160.74 6.221
138 160.74 6.221
139 7 161.55. 6.190
140 - 141.48 6.185
141 161.70 -6.184
142 161.94 6.175
143 162.07 4,170
144 162.13 6.148
143 162.464 6.149
144 162.94 6.137 .
147 163.12 8.131
148 163.17 6.129
149 163.24 6.125
150 163.64 6.110
163.95 “6:100
152 164.15 6.092
153 7 164,36 6$.084
154 164.75 6.070
153 164.75 6.070
156 -185.14 6.054

P T 1n(ﬁ{PD)

(Torr) Date
77.820 +3.994 10/30
78.599 +3.997 08/27
80.177 +3.973 09703
84.670 +4,003 09/12
84,785 +3.998 09/08
85.247 +3.975 10/30
89.042 +3,953 09/03
89.127 +3.977 08/27
95.287 +3.9%54 10/30
94.487 +3.972 09712
96.633 +3.940 09/03
98.582 +3.937 09/03
99.7463 - +3.956 - 08/27
100.18 +3.944 10/26
104,63 +3.941 10/21
107.31 +3.920 09/03
108.98 +3.944 09/12
109.12 +3.921 10/26
110.15 +3.938 08/27
113.82 +3.898 10/20
116.49 +3.921 10/30
118.64 +3.902 09/04
120.47 +3.917 08727
124. 41 +3.900 10/26
124,58 +3.919 09/12

+3.920 09/09

128.62

[ continued ]



['Table 1: continued ]

T

1031

['cohtinued ]

1 4
P T ln(PH/PD)
No. ) . (kY (Torr) Date
157 145.16  6.055  128.59 +3.887 10/21
158 185.36  6.048 130.78 +3.885  09/04
159 185.57  6.040 133.12 +3.900  08/27
160 165.86  6.029 136.14 +3.984  10/30
161 166.12  6.020 139.30 $3.907  09/16
162 166.15  6.019 139.39 +3.881 10/22
163 166.27 6.014 140,84 +3.894  09/12
164 166.56 .  6.004 144,01 +3.868 09704
165 166.65  6.000 145.31 +3.898 09709
166 166.75  5.997 146.03 +3.870  10/26
167 . 186.79  5.99 146,74 +3.881 08/27
168 187.14  5.983 150.76 +3.860 10/21
169 167.50  5.970 155.31 +3.858  09/04
170 167.76 5.9 158.53 +3.851 09/04
171 " 167.86  5.957 159.48 +3.870  09/12
172 187,97 5.954 161.06 +3.870  08/28
173 © 168.15  5.947 163.02 +3.849  10/26
174 168.73 °  5.927 170.70 +3.836 09704
175 169.09  5.914 175.47 +3.849 09709
176 149.14  5.912 176.10 +3.832 10721
177 - 169.19  5.911 176.96 +3.943  08/28
178 169.45  5.901 180.40 +3.844  09/12
179 169.96  5.884 187.54 +3.816 09704
180 170.36  5.870. 193.42 - +3.820  08/28
181 170.44  5.867 194.24 +3.015 10726
182 171.04  5.847 203.57 +3.819  09/12

—gz_



[ Table 1; continued ]

177.55

[ continued ]

3 o ]
T 10 /T‘ P . T 1n(PH/PD_)
No. (°K) _(°K-1) (Torr) Date
183 171.14 5.843 2035.14 +3.800 09/04
184 17114 9.842 205.27 +3.808 10721
- 185 171.55 5.829 211.46 +3.800 08/28
186 171.45 5.826 212.58 +3.798 10/24
187 - 172.18 J.808 221,24 +3.797 10/22
188 172.37 5.801 224.42 +3.779 09/04
189 172.76 5.788 . 231.08 +3.791 09/12
190 172.74 5.788 2311.25 +3.782 08/28
191 172.85 5.785 232.60 +3.780 10/24
192 173.56 9.742 244.84 +3.742 09/04
193 173.94 J.749 252.02 +3.744 08/28
194 - 174.04 9.744 - 253,40 +3.770 " 09/09
19% 174,16 |, §.742 255.33 +3.765 10722
194 174.45 5.732 261.18 +3.743 09/12
197 174,64 5.724 264,29 43,755 10/26
198 174.74 5.723 264.78 +3.745 07/04
199 175.15 5.709 274.60 +3.746 08/28
200 175.64 9.694 2831.80 . +3.741 10/24
201 175.44 9.693 284.40 +3.742 09/09
202 175.95 5.684 290. 41 - +3.728 09/04
203 176.14 5.477 294.44 43,734 09/12
204 176.17 J.476 294.4% +3.740 10/22
205 176.36 3.670 298.74 +3.728 08/28
204 177.16 5.643 J15.69 +3.710 09/04
207 177.33 3.633 323,64 +3.715 10727
208 9.632 324,20 +3.713 08/28

—17Z—



[ Table 1; continued ]

234

T 103/1
No. GRS )
209 177.84 5.423
210 178.13 5.614
211 178.23 3.611
212 178.44 5.404
213 178.76 9.994
214 179.54 3.570
219 179.96 9.54%
216 179.61 3,348
217 179.75 5.563
218 179.95 9.557
219 . 180.14 5,551
220 - 180.94 3.527
22 181.05 9,523
222 181.13  5.521
223 181,16 9.520
224 181.25 3.917
- 229 181.63 3.9505
224 181.67 5,905 .
227 © 182,30 5.486 -
228 182.35 9.484
229 182,35 5.484
230 182.95 5.444
23 183.54 - 9.448
1232 183,63 5.444
233 . 183.464 3.445
184.13 5.4

T ln,(P}'l/P'D)

P
(Torr) Date
330.95 +3.710 09/12
337.45 +3,709 09/09
339.15 +3.707 10722
344,40 +3,696 09/04
352.13 +3,499 08/28
37116 +3.484 09/13
370.96 +3.486 19/27
372.98 +3.482 09709
376.52 +3,674 09704
381.21 +3,4678 0B/29
385.91 +3.681 10/22
406.58 +3.664 10/27
410.09 +3.655 09704
412.32 +3.664 09/14
412.87 +3.661 08/28
415.32 +3.661 . 09/13
425.71 +3.668 10722
427.08 +3.453 09/09
444.18 +3.647 10727
445.91 43,437 09/05
445.98 +3.643 08/28
443.59 +3.634 09/13
481.78 +3,627 08/28
484,25 43,421 49/05
484.05 +3.441 10/23
499,44 09/09

{ continued ]

+3.4620
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[ Table 1; continued ]

260

191,15

T 103/T
" No. (°K) (°K l)
235 184.380 - 5.418
234 184,64 5.414
237 184.75 5.413
218 184.97 5.404
239 185,21 5.399
240 185. 42 5,387
241 . 183.94 5.378
242 186.06 5.375
243 - 186.26 5.349
244 184.35 5,386
245 187.13 5.344
244 187.14 5.344
- 247 187.14 5,344
248 187.54 5.332
249 187.63 5.330
250 ©  188.13 5.316
251 188.35 5,309
252 188.42 5,302
253 188.86 5,295
254 189,22 5.285

- 255 189.65 5,273 -
256 . 189.66 5,273
. 257 189.93 5,265
258 190.15 5,259
259 190.54 5.248
5,232

)
P T ln(PH/PD)
(Torr) Date
512.83 +3.59% 10/31
915,64 +3.611 09713
919.35 +3,612 08/28
526.37 +3.608 09/05
534.05 +3.615 10/27
547,73 +3.411 10/23
558.75 - +3.597 08/28
562.51 +3. 4601 10/27
56?.641 +3.587 09/05
572.9%° 43,589 09/13
601.00 +3.579 09/14
601.28 +3.976 09/09
601.34 +3.579 08/29
416,14 +3.570 09/05
618,52 +3, 381 10/23
638.23 +3.544 09/13
$46.25 +3.5640 08/29
454.33 +3.565 10/27
666.32 +3.549 09/05
480,81 +3.535 10727
498,61 +3.537 09/10
498.02 +3.550 10/23
709.463 +3,534 09/13
719.08 T +3.929 09/05
735.06 +3.526 10/31
762.86 +3.516 09/16

[ continued ]
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[ Table 1; continued ]

199.61

[ continued j

T 103/T : P T ln(PI'{/PD)

" No. (°K) (°K_1) (Torr) Date
241 191.24 5.229 - 766.14 -+3.529 10/27
262 191,44 5.224 775.40 +3.5309 09/05

2683 191.463 5.218 783.28 +3.509 10/23
264 191.47 ©5.217 785.74 . +3.511 09/13
265 192.05 5.207 802.20 +3.514 - 10/27
264 192.15 5.204 807.74 +3.501 09/10
267 193.02 5.181 847.59 ~43.489 107314
268 193.12 5.178 853.14 +3.489 09/05
269 193.14. 5.178 853.41 +3.491 09716 -
270 193.63 5.164 875.88 43.475 10/23
271 . 194,24 5.148 906.83 +3.492 10/27
272 194,63 5.138 §27.92 +3.470 09/10 -
273 195.12 | 5.125 952.43 +3.474 10/27
274 195.12 5.125 953.20 +3.464 09/05%
275 . 195.14 ~ 5.124 953.96 +3.464. 09/14

2748 195,65 S.111 980,03 - +3.432 10/23
277 196.02 .10 1000.9 +3.433 10/31
278 197.05 3.07% 1056.9 +3.432 t0/27
279 197.12 5.073 1063.4 43,441 09/10
280 " 197.15 5.072 1063.8 +3.437 09/16
261 - 197.15 5.072 . 10441 - 43,440 09/05
282 . 197.46 5.059 1091.8- +3.412 . 10723
283 199,10 5,048 1118.5 +3.408° 10/31
284 199.44 5.034 1150.5 +3.418 10727
285 199.15 5.021 1183.8. +3.414 09709
286 5.010 1210.9 +3.378 10/23



[ Table 1; continued ]

, 3 '
T | »10 /T P . T ln(PH/PD)

No. (°K) - (°K-l) (Torr) Date

287 199.66 - $5.009 1215.0 +3.396 10/31

288 1200.15 4.996 1247.2 +3.407 09/10
- 289 201,15 4.9 1313.6 +3.392 09705

‘290 203.14 4,923  1452.6 +3.385 09/16

291 203.17 4.922 1455.46 +3.357- 09/05

292 205.14 4.875 1607.4 +3.324 0%/16
- 293 207.13 4.828 1770.6- +3,2714 09/14

294 212,16  A4.7213 2237.2 +3.179

09/16



Table 2:

Carbon Vapor Pressure Isotope Effects in Fluoroform

No.

VDN ADSLLN -

v 1031
0 (kY
133.71 7.479
134,69 7.424
135.17 7.398
135.72 7.348
135.17 7.344
135.64  7.319
137.04 7.297
137.66 7.265
138.06 7.243
137.06 7.191
139.18 7.185
139,75 7.156
140.43 7.2
141,27 7.079
142,05 7.040
143,02 6.992
143,24 6.981
144,44 6.914
144.95 6.9899
145,76 6.861
144,14 6.843
146.64 6.819
147,65 4.773
148,56 6,731
149.14 6.704
149.94 6.670

[ continued ]

-0.6134

\J
. P ln(Plz/PlB),
(Torr) "~ Date
4.8871 -0.6644 10/28
3.9502 ~-0.6732 10/23
3.9221 -0.6742 - 10/28
6.3594 -0.6664 . 10/29
6.7179 -0.4574 10/23
7.1478 -0.6642 10728
7.5104 - ~0,4417 10/29
_B.1112 -0.4544 10723
8.5472 ~-0.6459 10729
9.6494  -0.6444  10/29
9.7927 -0.6441 10/23 -
10.496 -0.6510 10/29
11.386 - =0.46500 10/29
12.570 =0.6449 10/29
13,761 =0.6313 10/29
15.327 -0.6174 10/24
15.723 -0.6324. 10/29
18.343 -0.6404. 10/24
19.023 ~0.6227 10/30
20,773 -0.6312 10/30
21.4662 -0.6364 10724
22.883 ~-0.6302 10730
- 25.484 -0.6244 10/24
28.032 -0.6102 10730
$29.796 -0.6246 10724
32.274 10/39Q



[ Table 2; continued ]

No._

27
28
29
30
3
32
33
34

35

36
37
38
39
40
4
42
A3

M

45
46

Y
48

49
30
.91

52

167.14

[ continued ]

-0.5592

. 3 : '

T 107/T P .1n(Plz/Pl3)

(°K) (°K—l) (Torr) Date
150.45 6.638 34,461 -0.6160 10/24
15113 6.417 36.375 -0.6061 10/25
151.94 6.581 39.452 - =0.6126 10/25
152.18 6.571 . 40,372 -0.6089 10/24
152,64 6.550 42,318 -0.46028 10/30
153.14 6.529 . 44,401 ~0.6024 10725
153.67 6.508 446,622 -0.6070 10/24
154.17 6.484 - 48,907 -0.4000 10/25
155,15 6.445 53.711 ~0.5947. 10/25
156,16 6.404 59.009 ~-0.5901 10/25
157.16 6.363 64,6468 +~0.5859 10/25
157.43 6.352 66,270 - -0.5944 10/30
158.17 6.322 70.916 -0.5828 10/25
159.23 6.280 77.870 ~0.5906 10/30
160.26 6.240 85.247. -0.5926 10/30
160, 61 6.22¢ - 87.943 -0,5752 10721
161,55 6.190 . "95.287 -0.5852 "10/30.

© 16213 - 4.148 100.18 - = -0.5716 10726
162.64 b.149 104,63 -0.5744 10/21
163.17 6.129 109.12 ~0.5714 10726
163.95 . 6.100 116.49 -0.5752 10/30
164.75 6.070 - 124,41 ~0.5649 10/26
165.16 6.055 128.59 -0.5687 10/21
165.86 - 4.02% "136.14 -0.5737 10730

166,75 5.997 146.03 -0.5593 10/26

'5.983 150,76 10/21

_OE_



{ TableVZ; continued ]

No.

53
54
55
56
57
58
59
60
81
62

43

84
85
86
87
48
89
70
7

72
73
74
75

.76

77
78

189,22

- 680.81

[ continued 1

3 | o
T 103/1 P In(Pl, /P )

) Cxkh (Torr) Date
16015  5.947 163.02 -0.5580  10/26
16914 5.912 176.10 -0.5578  10/21
170.44 5.867 194.24 -0.5511 - 10/26
171,16 5.842 205.27 | -0.5522  10/21
171,45  5.826 212.58 -0.5492  10/26
172.18  5.808 221.24 -0.5608  10/22.

172.85  5.78% 232.40 -0.5476 10726
170,16 5.742 255.53  -0.5551 10722
174.64  5.72% 264.29  -0.5428  10/24
175.64  5.694 283.80 ~0.5419 © 10/26
176,17 5.67% 294.49 -0.5485  10/22
177.53  5.433 32346 -0.5370  10/27

© 178,23 S.611 339.15 ~0.5470  10/22
179.56  5.569  370.96 -0.5329  10/27
180.14  5.551  385.9 -0.5417  10/22
180.94  5.527 406.58 -0.5310  10/27
181,68  5.505  425.71 -0.5223  10/22
182.30  5.48% 444,18 -0.5283  10/27
183.64  5.445 484,05 -0.5203  10/23
184.58  5.418 512.83 -0.5244  10/3
185.21 - 5.399 534.05 -0.5197  10/27
185.62  5.387 547.73 -0.5206  10/23
186.06  5.375 562.51 -0.5218  10/27
187.63  5.330 - 418.52 ~0.5161 . 10/23
188.62 °5.302 - 456.53 0.5180  10/27

5.285 -0.5140

10727

..'[E_



[ Table 2; 'con.tinue,d'}

No.

79

80
81

82

- 83

84
- 83
86
87
a8

20

- T

103/T

8y =

5.008

L
P n(Py,/P,4)
{°K) (°K—l) (Torr) Date
189.466 §.2723 46908.02 -0.515% 10723
190,54 5.248 735.04 -0.5104 10/31
191.24 0 3.229 766.14 -0.50%0 10727
192.05 $.207 802.20 -0.5064 10/27
193,02 j.181 047.%59 -0.5057 10731
154,24 5.148 904.83 -0.495% 10727
195.12 5.125 952.43 -0.4941 10/27
156.02 5.101 1000.9 -0.5054 10731
1§7.05 5.075 1054.9- -0.4977 10727
198.10 5.048 1118.5 -0.4914 10/31
198.64 5.034 1150.9% -0.4918  10/27
199.66 1215.0 - =-0,4824 10/31

_Zs—



45

50 55 . 60 65

-
.
«*

| ,by; ™'

Figure 3. D/H Vapor Pressure Isotope Effect in Fluoroform

70

75

-gg-



0.0

50 55 60 65 70 75
| YT K] |

, _
Figure 4. 13C/1, C Vapor Pressure Isotope Effect in Fluoroform

—pg-



-35-

-72.21 0.85

= +
B = -0.1313 #* 0.0053 6)
and, .for the D/H—effect,
A = 389.2 + 4.4 (°KD)
B = 1.511 * 0.028 (°K) 7

(A-2-b) Discussion:

It is noted in‘Figure 4 that the plot is now much less steep tﬁan
the corresponding plot of last year, a consequence of removal of the
newly found chemical impurity in the 13CHF3 sample. In Figure 4 we also
included the data obtained By Borodinsky, Wieck, Mayfield, and Ishida.(s)
They compare well with the present data, especially in view of the fact
_that their data were obtained by the much less precise method of cryo-
genic distillation of fluoroform of natural isotopic composition.

However, the force constant matrix, {, of liquid fluoroform they
published leads to an inverse VPIE not only for the 13C/lzc-effect but
also fof the H/D-effeqt, the fact that Boroduisky et al. did not have a
means for checking because they measured'only the 13C/lZC—effect. vWe
are in the process of fitting a liquid F-matrix which would reproduce

6,7) ¢ liquid 12.8F. and (ii) the D/H-

(i) the observed‘frequencies 3

and 13C112C- VPIE of Figures 3 and 4.

Although we have not finalized the liquid E-matrix, it seems that
the VPIE data we have obtained for fluoroform will support the following
conclusions: (i) The normal VPIE with the positive slope for the
D/H-effect and the inverse VPIE with the negatiﬁg slope for the .
13C/‘lzc—effect’can Be simultaneously explained oﬁly by a blue-shift of
the C-H stretching ffeqpenqy of fluoroform upon condensation. (ii) We
will have to employ large external-internal interaction force constants
to repruduce both observed D/H-VPIE and_l3C/12Q-VPTEf Sﬁqh extensive
interactions seem to be in agreement with specific, short-range inter-
moleculaf'interaCtiOQS'such as the hydrogen bonding between the molecules
of fluqraform. In the following we will summarize the reasons for these
tentative conclusions; . '

-Figure 3 shows for the D-for-H substitution a normal vapor pressure
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isotope effect af all temperatures we investigated and a positive slope
of the plot of T 1n P'/P vs 1/T. On the other hand, Figure 4 shows for
the 13C-for-lzc substitution an inverse VPIE at all temperatures and a
negative slope in the plot. 'How is this marked difference between two
substitutions possibie? In both substitutions the molecular symmetry
does not change (C3V). The molecular mass increases by the similar
amount (by 1 amu) in both cases, so that the translational contributions
to the overall T 1n(P'/P), contained in the A/T-term of Eq. (6), is
similar for both cases. The change in the principal moments of inertia
in the D/H-substitution is somewhat greater for the D/H substitutionm
than for tﬁe 13C/12C substitution, because the latter substltutlon 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 petipheral positions. Thué, the rotational
" contribution to T 1n(P'/P) would not be so different between the two A
isotopic substitutions. - . _

Vibrational contributions to T 1n(P'/P) may be expressed as a sum
of 3N-6 independent contributions. In the form of Eq. (5) the vibrational
contributions appear as the constant B-term, which corresponds to the
zero-point energy approximation for the contribution: When the temperature
is not sufficiently high (hvi>>kT), the vibrational excited states are not
accessible and they do not contribute appreciably to the partition
functions. These contributions to T ln(P'/P) are depicﬁed in Figure 5.
It ié'noted that the internal vibratiomns usualiy redkshift upon condensation
and only in rare occasions does a vibrational frequency blue~shift upon
condensation. When it does, an analysis of the functional form of the
reduced partition function ratio shows that such an internal vibration
contributes positively to 1n(P'/P). 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 5 in mind, the marked difference
observed between the D/H-VPIE and the 13C/12C-VPIE is explanable as
follows. The isotope shift of the C—ﬁ stretching frequency in fluoroform
is very large in the D-for-H substitution, while it is small for the

l3C-for- 2C substitution. If the C-H stretching frequency red-shifts upon
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Vibrational (B1)

Contributions _To Tin{P/P)

~|-

Vibrational (R1)

Vibrationa'i {(R2)

Figure 5: Schematic Plots of Various Contributions to T 1n(P'/P). .

s

Vibrational Rl:

Vibrational R2:

Vibrational Bl:

\Vibfafional B2:

Frequencies that red-shift upon condensation,

Low frequency and/or small isotope shift.

Frequencies that red-shift upon condensation,
High frequency'and/of large isotope shift.
Frequencies that blue-shift uponvcondensation,

Low frequency and/or small isotope shift.

Frequencies that blue-shift upon condensation,

High frequencies and/or large isotope shift.
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condensation, ifs contribution to T 1n(P'/P) is that of the R2-line of
Figure 5 for D/H and that of the Rl-line of Figure 5 for 13C/12C

Since all the other vibrational frequencies red-shift upon condensation,
the sum of the "Extermal” line and all the red-shift lines should yiéld

a plot for the D/H-substitution which would lie below (more inverse than)
the corresponding plot for the 13C/12C substitution. Figures 3 and 4
show otherwise. The normal VPIE with a positive slope for the D/H-effect
is possible only if -the contribution of the C-H stretching motion looks
like the Bl or B2 line of Figure 5. Thus, for the D/H-substitution, the

" C=H stretching contribution is like that of the B2-line, while for the
l3C/lzc-effect the contribution is that of the Bl-line. The sum of the
."External" llne and B2-line thus yields a straight line with the positive
slope in the positive VPIE-region when the temperatures are not
~sufficiently high for the Boltzmann excitation to set in for the C-H
stretching mode. On the other hand, since the isotope shift upon 13C-for—
12C substitution is so small (1o'¢£’1 for 13C/120, as compared to 780 cm
for D/Hj; the magnitude of its contriﬁution to T ln(?'/P) is very smali
(Bl-line), resultlng in the negative VPIE largely due to the effects of
other red-shlftlng frequencies. '

* Thus, we feel our VPIE data support the blue-shifting of the C-H
stretching frequency upon condensation. A blue~shift had in fact been
(6) and Ran k(7). In liquid CHF3 at -95°C it is

(11,12)

3062 cm 1, while the gas value for CHF3 is 3035(10) or 3031.

The next question is: What type of interaction is responsible for

(3)

"reported by Glockler

the blue-shift? We had explored the possibility of hydrogen-bonding
by carrying out a molecular orbital study using Gaussian-70 program with
the STO-3G basis set' of functions. We then found several dimer config-
urations of fluoroform which exhibited a small stabilization energy.
. One of such stable configurations (called DI-A in Reference 3) and the
energy plot of the DT-A configuration as a function of Hl—FZI distance
are reproduced in Figures 6 and 7, respectively.

Thus, the DT-A dimer configuration shows a stabilization energy of
-0.72 kéal/mole dimer ‘(or -0.36 kcal/mole monomer) with the equilibrium
H+.-F distance of 2.34 X, corresponding to the carbon-to-carbon inter-

. mulecular separation of 4.83 2. These are in fair agreement with a
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Figure 6. DT~A Configuration of Fluoroform Dimer
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published(s)

and o0 = 4.26 X, the latter being obtained from the second virial

Lennard-Jones' 12-6 potential constants € = 0.391 kcal/mole

coefficient of gaseous CHF These equilibrium intermolecular

sepafations are also in suiprisingly good agreement with the molecular
volume data: At -95°C (178°K), the molar volume of liquid fluorbform(g)
is 25.33 ml/mole, the corresponding diameter of a molecular sphere being
4.314 2. | |

A hydrogen bond with an energy of the order of 0.4 kcal/mole is a
very weak one compared to bona-fide hydrogen bonds haﬁing the bond
energies of the order of 5 ~ 20 kcal/mole. The fact that the liquid
molecular volume data gives the averége intermolecular separation (4.31 X)
-which is similar to the equilibrium distance (4.83 X) obtained by our 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
CHF3 molecule can contribute only one hydrogen to the hydrogen bonding.
Such an extra interaction could be the London dispersion force in its
nature. This is possible in view of the fact that we at least did not
account for it when we computed the energy surface such as Figure 7
because, in the calculation, we held the internal structure of both
molecules rigid. -

A question was then raised: Can a hydrogen bonding account for the
blue-shift in the C-H stretching frequency upon condensation? As far as
Qe can find, the literature bn hydrogen bonding contains not a single
instance of blue-shift of X-H stretching frequency upon formation of a
X-He+++Y bond: The X-H stretching frequency always red-shifts upon a
hydrogen bond formation. The explanation is thét the.formation of a
hydrogen bond necessarily modifies the electronic charge distribution
around the X-H bond, making it less stiff. But, then, the literatures
on hydrogen bonding concern themselves with bona fide hydrogen bonds and
sometimes even regard a bond energy of 5 kcal/mole marginal in order to
qualify to be a hydrogeﬁ bond. If a "hydrogen bond" is as weak (V0.4
'kcallmole monomer) as in .our CHF3, could it be‘thatlthe shift in

electronic distribution around the X-H bond upon formation of the C-He-+-F

bond is so small that other effecte, such as an effecf of the new Heee-F
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bond on the C-H stretching frequency, more than just compensate for the
- weakening of the C-H bond? A '

Chloroform, an accepted and well studied proton donor, undergoes.

(13)

no shift of its C-H stretching frequency when dissolved in such

electron donor solvents as ketones and nitriles. .In CClA solutions of

and dimethyl sulfoxide-d,,

strong proton acceptors such as pyridine-d 6

(14) >

to be in the order CHBr3 > CHI3 >

CHC 13, with fluoroform exhibiting inconclusive results. This is not so

the spectral shifts were found

surprising, because there are abundant evidence in the literature of the
fact that the role of bond polarity in the hydrogen bond strength is not
a major omne.
In the simplest model of hydrogen bonding one would assume that
carbon and fluorine atoms are infinitely heavy and can be simulated-by

- two solid walls. In this model the potential emergy and the kinetic

| e I" :{: I’2

- - R
energy are .given by

. 2 ‘ 2
2V'= £, (rl-rlo) f £, (rz-rzo)

~ 2 2

= f1 (Arl) + £, (AR—Arl) |

o (£.4E) (ar.)% - 2f. amer. + £.R)Z ., (8)

172 1 2 1 2 "

‘ . . 2 e 2 . :
and 2T = m(Arl) + M(AR) ™ , ‘ 9)

where fl and f are the harmonic force constants, rlO and'r20 are the

equilibrium dlstances, Arl 1" Ti0° AR.2 R2 RZO’ and AR—R—R » R being -

equal tor 0’ and M is a certain reduced mass of the two—wall system

10 "2
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The eigenvalues of this two-dimensional problem are:

1

Ay = TmM

2 ;
[M(f1+f2)fmf2] i.‘J[M(fl+f2)+mf2] —4melf2 10

A
be approximated by

of Eq. (10) corresponds to the C-H stretching frequency, and it can

£, 2 f

m 2 m 2
+(148) =) -R_2
v, QR Tl -4 T |
= > . (11)
° 1+ =
M OE)

whg:eAAO = fl/m, the eigenvalue of a free C-H stretching motion. When

fz-tends to zero, Eq. (l}) reduces to

YA

»|¥?

=1 s . (12)
o A

as it should. When'M tends to infinity, Eq.'(llj reduces to

£4E, : :
= ]% z . (13)
o 1

which implies a blue-shift of the C-H stretching frequenéy} unless the

>

value of fl in the numerator becomes smaller than the fl value in the

denominator. Apparently for bona fide hydrogen bon&s, f. in the H-bonded

1

is so small compared to the fl—value

\)

1
of a free C-H configuration that the relation,

configﬁration which we might call f

' . : _ 4
fprh <4 o . (14)

is satisfied, thus 1eéding to the red—shif£. ‘A furchér analysis of the
<quantity A+/}° given by Eq. (il) as a functiqn of two,ratios? m/M and 
'fz/fl? has proved that A+ is always greater than Ao as long as fz;is
positivc.;'Iherefo:e,-the condition, fi<fl’ is the necessary condition
for the red-shift under all circumstances. The minimum value of the
_decreaée in fl that oﬁe shogld’have for the red-shifting depends on the
" -ratios m/M and fz/fl and can be obtained by solving. a simultaneous

equation consisting,of Eq. (11) and °
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>Jl+>a

f1
£
o}
If this minimum decrease in f1 is not met, the frequency will blue-shift.
The more sophisticated models of hydrogen bond lead to the

qualitatively same conclusion. We have tried two additional harmonic
oscillator models. One consists of two masses, m.H and My oscillating
between two walls. This model corresponds to a rigid intermolecular
separation. The other model is a linear triatomic model with the center

of its mass kept stationary. 1In the last model we examined the effect of

an off-diagonal E—matrix element:

(C) (H) ~ AF)

e o @

T "

Xy Xq ' X3
2
2V = £ (xymxy - 10) + £y (xgmxy- 20) +2f) (Xz 17T10) ¥37%57T50)
2 e 2
and 2? = mlxl + m2 2 + m3x3 | : _
" The standard transformation to the internal. coordinate system yielded
2V = £ (Ar) )2+f (ar)% + 28, (ar ) (ar)) - (15)
m1"‘3 -
- 2 == .
2T My 23(Ar ) + u3 12(Ar ) + 2 (Ar )(Ar ) 5 ‘ (16)
where 1 = L + o im .
o M1o23 ™ 273
1 1 1
and . = = <+
My B3 M

One of the roots of this secularlproﬁlem A+ can be approximated by

£ -2£. T om : :
sa+Ba-DHa-»o, (17)
1 T ~ |

>Jl+>»

(o]

where
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. - fl _ fl(m1+m2)
= = )
° M )
2
.- 2m2(m1+m3) (flfz-flz) Z.
| m m, (f1+f2—2f12)
Eq. 17) reducgs to Eq. (13) when f12 =0, o, << m, and m2_<< o,. In
the limit of heavy o, and oy, ‘
l+‘ f1+f2—2f12 , : '
T 5 . (18)
o 1 ‘ o

which clearly shows the role of off-diagonal force constant between the
"internal" motion, which is the C-H stretching motion, and the "external"
motion represented by the distance between mz(H) atom and m3(F) atom. A

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

12 12

- lead to a blue shift. Numerical restriction on the absolute magnitude
1/2 R

12° < (flfz) T Since

and thus become more important

of fl2 in a stable configuratioﬁ"is given by £

~fl >> fz,‘|f12] may be bigger than f2

than f2 in its role in the blue-shift/red-shift argument. The poséi—

bility of Iflzl > fé has been demonstrated by Borodinskj et al(a) in

their £~matrix for the liquid fluoroform.

We are in the process of obtaining a liquid {-matrix that contain
rather large external-internal interaction force constants and which
reprqduces the observed D/H- and'l3C/12C- iéotope effects as well as

the observed frequencies of liquid 12CHF3.
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(A-3) Vapor Pressure Isotope Effects in Methyl Fluoride

by Takao.Oi and Jan Shulman

The synthesis and purificiation of l3CH F, 12CD F, and 12CH F have

1,2) 3 3 3
’ This year, the re-constructed and

been reported in previous years.
_re—calibrated cryostat has been used to obtain data on the vapor pressure
isotope effects in these methyl fluor;de samples. Results of chemical

analyses of these samples are summarized below:

Table 3: Chemical Analyses of Methyl Fluorides

Impurities 'lzcg3F IZCDBF ‘ 13CH3F
carbon dioxide <10 ppm < 5 ppm ‘ <10 ppm
water <5 ppm. .ND A e e ND
.othe'rs . | ND* l‘.CD3(:41<10 PPR 13CH3Ci<10 ppm

| | x <15 ppm

* None detectable, i.e., < 1 ppm.

The 12CH3F was used as a reference gas for the capacitance gauges.

The measurements have been carried out between temperatures 132.52°K

(= ~ 140.63°C, ‘P = 3.712 torr) and 213.12°K (= % 60.03°C, P = 1887.1

torr). The results have been summarized in. Table 4 and Figure 8 for _the

12CD F/ CH3F—effect and in Table 5 and Figure 9 for the 13CH F/ CH3F
These results have been least-squares fitted to the’ funct10na1 form

‘of Eq. (3) which yielded, for the 13C/12C effect,

= 11.21 + 15.58 (° K? )
: B = -0.0481 % 0.1906 (°K) , (19)
~and - ¢ = -0.00160 #* 0.00057 o,
and, for the D/H-effect,
A = 1954.1 % 39.0 (k) -
| = =2.451-. % 0.472 (°R) - , : (20) -
and : ¢ = =0.00211 = ' |

0.00140 .



Tatle 4: Hydrogen Vapor Pressufe Iéotope Effects in Methyl Fluoride

No.

C O NSNS N —

T 103/1
CrR xh,
132,52 7.544
133.25  7.505
133.63 7.483
133.63 7.483
- 133.87 7.470
133.88 7.470
134,03 7.461
134.06 7.460
134.81 7.418
135.33  7.389
135,74 7.367
136.24 7.339
136.85  7.307
137.06 7.296
137.70 7.262
137.97 7.248
138,06 7.243
138.08 7.242
138.16 7.238
138,27 7.232
138.44 7.223
138.44 7.223
138.84 7.202
139.13 7.188
139.37 7.175
139.75 7.156

P

d ]
- T ln(PH/PD)
(Torrx) Date
J.7118 +12,162 10/06
4.,0852 1.9 10/06
4,3139 +12.088 10/13
4.3276 +12,045 10/13
- 4,4402 S H1.9Y7 10713
4.4587 +11.988 10713
4.5288 - +11.844 10/06
4.54654 +11.919 10/13
4.9877 +11,64Y - 10704
5.3230 +11.485 10/04
5.4081 +11.5%4 10/06
5.9877 +11.564 10704 .
6.4387 +11.598 10/14
4.6051 +11.503 10/07
71737 +11.484 10/14
7.3917 +11.410 10407
7.4923 . +11.404 09729
7.5091 +11.325 - . 10/10
7.9685 +11.318 107190
7.6783 +11.292. 10710
7.8460 ©+11.,340 10/14
- 7.8505 +11.403 . 10/14
8.2012 +11.344 10/07
8.5030 +11.287 09/29
8.7332 +11.283 10707
9.1585 +11.225 09/29

[ continued ]

_ij_



[ Table 4; continued ]

No.

27 .

28
29
30
3
32
33
34
35
36
37
38
39
40
a1
A2
A3
A4
45
46
47
48
A9
50
51
52

6.754

[ continued ]

410,445

. 3 ) (p !
T - 107/T , P T ln(PH/PD)

(°K) (°K l) ~ (Torr) Date
140.13 - 7.137 9.5884 . +11.153 -09/29
"140.34 7.124 9.8339 +11.151 10/07
140.74 - 7.105 10.294 +11.109 09/30
141,34 7.074 11,018 +11.056 10/07
141,74 7.05% 11.537 +11.010 09/30
-142.36 7.025 12.310 +10.906 10/07
142.36 . 7,025 12,326 +10.958 10/07
142.44 7.010 “12.706 +10.904 10/07
142.74 7.006 12.874 +10.922 09/30
143.164 6.985 13.487 +10,849 10/15
143.64 46.962 14.193 +10.805  10/07
143,72 6.958 14.350 +10,833 1 09/30
144,14 ', $.938 ‘14,998 +10.498 10/16
144,24 6.932 15.185 +10.693 10/16
144,76 . 6.908 16.010 +10.702 10/07
144.76 ~4.908 16,043 +10.737 09/30
145.35 6.880 17.045 +10.600 10/16
145.86 6.854 18.015. +10.649 09/30
145.87 - 4.8%55 - 18.021 +10.594 10/07
14641 4.830 19.068 +10.510 10/14
146.53 6.825 19.283 +10.530 10716
146.94 6.805 20.163 +10.561 09/30
146.946 6.805 20.169 +10.505 10/07
147.55 4,777 21.464 +10.424 10/14
148.05 6.7354 - 22.618 +10,404 10/07
148.03 22,633 09/30

_87—



- [ Table 4:; continued ]

No.

33
54
29
96
.97

38

59
. 60

&1

42
63
64
65
66
67
68

69 -
70

21

72
23
74
75
76

77
78

T 103/1
NG NG
148,42 6.728
149.15 4.705
149.72 6.479
150.24 6.4356
150.82 6.630

151,37 6.606
151.92 6.582
153.02 6.53%
153.57 $.512
154,15 4.487
154.84 6.458
1595.44 6.413
156.04 6.409
156.66 . 4.383
197.24 6.360
157,86  6.335
156.58 . 6.306

'159.84 . 6.2%6

- 161,16 6.205

-162.47 . 6.155
163.12 6.131
163.74 6.107
164,63 6.074
185,14 4$.055 -
165,47 6.036

- 166,19

6.017

L
P T 1n(PH/PD)

(Torr) Date
23.982 +10.427 10/01
25.304 +10,347 09/30
26.831 410.299 10/01
28,224 +10.243 09/30
©29.928 +10.198 10701
- 31.510 +10.147 09/30
33,269 +10.104 10/01
34.974 +10.015 10/01
18.917 +10.010 10701
41.081 - +9.912 10/014
43,843 +9.840 10/02
44.311 +9.780 10/08
48.943 +9.768 10/02
51.751 149,664 10/08
54.512 +9,478 10/02
57.585 +9.557 10/08
61.298 +9.557 10702
$9.433 +9.458 10/02
76.595 49,354 10/02
85.401 +9.255 10/02
90.232 +9.190 09/23
94.956 +9.156 10/02
102.09 49,070 09/23
106,34 49,027 09/24
110.72 49,017 10/02
+8.942 09/23

~.115.40

[ continued ]
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[ Table 4; continued ]

T

104 192,73

[ continued ]

3 '
'10 /T P T ln(PH/PD)
No. -~ (°K)  (°K D) (Torr) Date
79 16714 5.983 124,28 +8.888  09/24
B0 162.35  5.975 126.34 +8.894  10/02
8 166.66  5.929 139.59 +8.780  09/24
82  169.45  5.901 146.29 +8.729  10/08
83 170.15  5.877 156.34 +8.877  09/24
84 - 170.96  5.849 165.92 +8.5621 10/08
85  171.65  5.82 174.56 +8.578  09/24
86  173.15  5.77% 194,55 +8.478  09/24
87  174.52  5.730 214,52 +8.387  09/24
88 174.86  5.719 219.72 +8.367  09/24
89 176.24  5.674 241.78 48276 09/25
90 177.93  5.620 271.48 48,166  09/25
91 17917 5.581 294.83 +8.098  10/02
92 179.63  5.567 304.05 +8.060 09725
93 181.18  5.5{9 - 336.56 $7.972 10702
94 181.35  5.514 340.24 +7.956  09/25
95 183.00 - 5.444 378.15 +7.654  09/25
96  184.14  S.43 405.98 +7.788 - 09/25
97 18,77 5.412 422.45 +7.748 09725
98 185.87  5.380 451.84 +7.684 09725
99 187.54 . 5.332 500.11 +7.589  09/25
100 186.52  5.305 529.77 +7.532  10/08.
101 189.26  5.204 §53.15 +7.496 . 09/25
102 190.22  5.257 585.37 +7.435  10/09
103 190.95  5.237 £10.25 +7.402  09/25
5.189 675.46 $7.300  09/25

—Og_



[ Table 4; continued ]

1031

+6.217

]
T P T In(P,/P))
No. (°K) (fK—l) (Torr) Date
103 194,83 5.133 759.89 +7.179 09/25
106 196.15 5.098 815.89 +2.115 10/02
107 196 .21 5.084 841.31 +7.001 09/2%
108 197.93 5.052 898.83 +7.021 10702
109 198.713 5.032 936.57 +46.975 10/09
110 199.04 5.024 951.40 +6.942 09/25
11 199.94 5.001 998.08 +6.914 10/02
112 200.864 4,979 1044.9 - +4.844 10/03
113 200,86 4,979 1045.7 +6.857 09/25
114 201.9¢6 4.951 1106.6 +6.911% 10/03
115 202,65 4,935 1145.4 +6.780 10/09
114 202.84 4,930 1157.8 +6.739 10/03
117 204.17 4.898 1234.1 +6.677 0%9/264
118 204,85 4.882 - 1279.6 +46.441 10/03
- 119 205,56 4,865 1324.1 +6.642 - 10/09
120 205.94 4,856 1348.3 +6.582 09/26
12 206.84 4.835 1408.8 - +6.595 10/03
122 207.74 . 4.814 1470.3 +6.492 0%/26
123 207.74 4,814 1471.4 +6.514 - 10/09
124 208.82 4,789 1548.0 +6.,451 10/03
125 - 209.51 4.773 14602.8 +6.381 09/26
126 209.84 4,744 14622.7 +6.397 10/09
- 127 211.13 4,734 -1724.5 +6.328 10/03
128 211.33 4,732 1738.9 +46.314 09/264
129 213.12 4,692 1887.1

09/26

-Ig—



Table 5: Carbon Vapor Pressure Isotope Effects in Methyl Fluoride

No.

-
O VA NONWU 2l N =

NN RN DN NN = e de ws ot =t ot b o
U BN O OD DU DN -

T 103/T
CK) (K H
132.52 7.544
133.25 7.305
133.25 7.5095
133,63 7.483
133.63 7.483
133.87 7.470
133.88 7.470
134,03 7.461
134.06 7.440
134.01 7.418
135.33 - 7.389
135.62 7.374
135.42 7.374
135:74 - 7.367
136.24 7.339
137.046 - 7.294
137.33 7.282
137.37 7.280
137,97 7.248
138.08 7.242
138.16  7.238
138.27 7.232
138,44 7.223
138.84 7.202 .
139.37 775
_139.84 7.151

|
P T 1n(P12/P13)
(Torr) Date
3.7118 -0.1684 10/06
4,0852 -0.1851 10/06
4.0852 -0.2053 10706
"4, 3139 -0.1687 10/13
4,3276 -0.1910 10/13
4,4602 -0.2261 10/13
4.4587 -0.1818 10713
4.5288 -0.21468 10/04
4.5654 -0.1989 10/13
4.9877 -0.1704 10/04
5.3230 -0.14649 10/06
5.5715. -0.2058 10/14
9.571% -0,2228 10/14
9.6081 -0.1573 ~  10/0¢6
5.9877 -0.1792 10/06
6.,6051 -0.1943 10/07
6.8383 _ -0.1742 10715
6.8978 -0.1738 10/15
7.3917 ©-0.1924 10/07
7.5091 - -0.2089 10710
7.5485 -0.2039 10/10
7.46783 -0.2077 10/10
7.8505 -0.1149 10/14
8.2012 -0.2059 10/07
8.7332 -0.2014 10/07
9.2622 -0.1783 10/15

| continued ]



[ Table 5; cont inued ]

No.

27
28
29
30
3

32

33
34
35
3
37
38
39
40
A
42
A3
A4
A5
I
A7

A8

49
50
51
52

T 103/T
CO Ckh
139.98 7.144
140,36 7.124
140.86 7.099
141,36 7.074
141.76 7.054
141.91 7.047
142,36 7.025
142,36 7.025
142,45 7.020
142,60 7.013 -
142,44 7.010
143.16 6.985
143,44 6.962
144,14 6.938
144,26 6.932
144,74 6.908
145.35 6.880
145.87 6.855
146,41 6.830
146.53 6.825
146.96 6,805
147.55 6.777
148.05 6.754
148,82~ 4.728
149.34 6,696
149.72 6.679

p

T 1n(P! /P_.)

12" 713

(Torr) Date
9.4085 -0.14694 10/1%5
9.8339 -0.2119 10707
10.444 -0.1742 10715
11,018 -0.2137 10/07
11.3555 -0.1713 10715
11.747 -0,14638 10/15
12.310 -0.1385 10707 -
12,326 -0.2324 10707
12,445 -0.1948 10/10
12.644 -0.1753 10/10
12,704 -0.1444 $0/07
13.487 -0.1780 10/15
14,193 -0.1739 10/07
14.998 -0.1913 10716
15,185 -0.1799 10714
16.010 -0.1880 10,07
17.045 -0.2009 10/14
18.021 -0.1988 10/07
19.068 - -0.2104 10/16
19.283 -0.19469 10/16
20.169 -0.2077 10/07
21,444 -0.2112 10714
22.618 -0.2119 10/07
23.982 -0.1980 10/01
25.830 -0.2057 10/16
26.831 -0.2108 10/01

[ continued ]
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[ Table 5; continued ]

No.

33

35
36
57
38
39
60
61

63
64
63
66
67
68
69
70
74
72
73
74
73
76
77
78

54

[ continued ]

. 3 '
T | 107/T P 1n(P142/913)
e kD (Torr) Date
150.82  6.430 29,926 -0.2169 10701
151,92 6,562 33,269 -0.2182 10701
153.02 . 4.535 36.974 -0.2215 10701
153.57  6.512 38.917 -0.2160  10/01
15415 6.487 41.081 -0.2245  10/01
154.84 6.458 43.863 -0.2289  10/02
155.44 6.433 46.311 -0.2299  10/08
156,04 ° 6.409 48.943 -0.2270  10/02
156.66  6.303 51,751 -0.2401  10/08
157.24  6.380 50.5127  -0.2263 10702
157.86 6,335 57,585 -0.2454  10/08
158,58  6.306 51.298 -0.2386  10/02
159.84  6.256 48.433 -0.2367  10/02
16116 6.205 76.595 -0.2394  10/02
162.47 .15 85,401 -0.2423 10702
163.12 - 6,13 90,232 -0.2463  09/23
163.74 6,107 94.956 -0.2481 10702
164,63  6.074 102.09 -0.2452  09/23
165.16  6.055  106.34 -0.2526  09/24
165,67  6.034 110,72 -0.2485  10/02
166,19 6,017 115,40 ~0.2460  09/23
147.14  5.983 124,28 -0.2558  09/24
167.35  5.975 126,34 -0.2527 10702
168.66  5.929 139.59 -0.2588  09/24
169.45  5.901 148.29 -0.2587  10/08
170.15  5.877 156,34 -0.2613  09/24



[ Table 5; continued ]

No.

79

80

8t
82
83

84

83
86
87
. 88
. 89
AY
91
92
93
74
93
96
97
98
99
100
101
102
103
104

In(P! . /P_.)

198.73

[ continued ]

3
T 10 (T P 12713
°K) (K1) (Torr) - Date
170.96  5.849 165.92 20.26M1  10/08
171.65  5.826 174.56 -0.2640 09724
173.15  5.776 194,55 -0.2662  09/24
174.52  5.730 214.52 -0.2701 09724
174.86 - 5.719 219.72 -0.2685  09/24
176.24  5.674 © 241.78 -0.2709  09/25
177.93  5.620 271.48 -0.2727 09725
17917 5.581 294.83 ~0.2218  10/02
179.63  5.567 304.05 -0.2755  09/25
181.18  5.519 336.56 0.2789  10/02
181.35  5.514 340,24 -0.2784  09/25
183.00  5.464 378.15 0.2806  09/25
184.14 . 5.431 205.98- -0.2829  09/25
184.77  5.412 422.45 -0.2832  09/25
185.87  5.380 451.82 -0.2645  09/25
187.54 . 5.332 500. 11 -0.2078  09/25
188.52  5.305 §29.77 -0.2881 10708
189.26  5.284 553.15 0.2906  09/25
190.22  5.257 585.37 -0.2922 10709
190.95  5.237 £10.25 -0.2934  09/25
192.73  5.189 675,44 20.2971 09725
194.83  5.133 759.89 -0.3016  09/25
196.15  5.098 815.85 -0.2977 - 10702
196.71  5.084 - 841.31 -0.3078  09/25
197.95  5.052 - 898.83 -0.3013 10702
5.032 936.57 -0.3021 10709

—gg_



. [ Table 5; continued ]

. 3 : Ve
T 107/T P ln(PlZ/P13)
No. (°K) (°K_1) (Torr) Date
105 199.94° 5.001 998.08 -0.3043 10702
106 200.86 4.979 1046.9 -0.3080 10/03
107 201.96 4.951 1106.6 -0.3088 10/03
108 "202.65 4.93% 1145.6 -0.3020 10709
109 202.84 4.930 - 1157.8 -0.3133 10/03
110 204.85 4.882 1279.6 -0.3125 10/03
11t . 205.56 4.865 13241 -0.3004 10/09
112 206,84 4,833 1408.8 - -0.3230 10/03
13 207.74 4.814 1470.3 -0.3547 09/26
114 2008.82 4.789 1548.0 -0.3310 10/03
113 209.84 4.766 1622.7 -0.331% 10/09
1724.5 - -0.3390 10/03

116 211.13 4.736

-‘.9g—
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Figure 8. D/H Vapor Pressure Isotope Effect in Methyl Fluoride
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We also fitted the data

for the 13C/lZC-effect,

and B

and, for the D/H-effect,

and ‘ - B

]

the linear

54.37
-0.5787

2012.6

~=3.161

+

H

*

form of Eq. (5)

1.86

0.0118 (°K)

4.5
0.028

(°k?)
(°K)

~59-

which yielded,

(21)

(22)

Studies of these results for a blausible explanation have just been

started.
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(B) NITROGEN ISOTOPE FRACTIONATION

System

(B-1) Studies of NO/N203

by Michael Prencipe

2,15 ; P s .
(2,15) an increase in the nitric oxide

As reported previously,
‘partial pressure in gas phase should increase the effective stage
-separation factor of 15N—fractionation which utilizes the isotope
exchange between the gaseous nitric oxide and liquid dinitrogen
trioxide. The constructions of all-stainless steel exchange system and
a.product refluxer made of Pyrex have been completed. The system had to
be disassembled to facilitate the moving f;om Brooklyn College, Brooklyn,
New York to the present site at Stony 3fook. The dismantled system has
been re-assembled and tested for leaks. To facilitate the discussion
that follows, Figure 10 has been reproduced from last year's progress
. Teport. |

For>the last several months we have been learning how to operate
the product reflux column, including the procedures for its start up and
‘shut down. While experimenting with the product refluxer we found a room
for improvement in its design concerning its control of the reacfion zone.

This Pyrex refluxer column was built in accordance with the design by

(16)

Monse, Spindel, Kauder and Taylor, which utilizes a controlled flow of

802 for the reduction of HNO3

control is achieved by a photncell mounted on a short side arm attached on

from the exchange column. The_SO2 flow

the packed reflux column at an elevation near the reaction zone in which
the reduction takes place. The photocell receives a ‘light transmitted
through a green filter. When the elevation of the reaction zone becomes

too low, brown NO, gas generated causes the photocell current to decrease

below a thresholdf and a solenoid valve is opened to supply an extra SO2
thirough a branch path in the SO2 ocupply line.. ,

However, the sensitivity of detection of the reaction band by the
photocell method changes as the concéntration of HNO3 from the exchange
column and the flow rate of dilute sulfuric acid fed at the upper end of

the reflux column change. (The flow rate of the HZSO4 feed, along with
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the rate of cooling of the condenser (C3 in Figure 10),.is-uéed to
maintain an equilibrium chémical composition of the "nitric oxide"
returned to the exchange column.) Besides, the de;ection of NO
delafed while the SO

, gas is

2 gas trapped in the photocell side~arm is consumed

as the band continues to move down the column. The SO, gas fills up the

2
photocell side-arm when the reaction band moves upward past the side-arm

during the period when the extra supply of SO, is fed ‘through the solenoid

valve line. Sometimes the reaction zone movei unevenly and the brown zone
would channel down one side of the column, leaving the other side of the
column colorless. As a result of these reasons, we frequently observed
the reaction zone moving downward past the photocell level by as much as

3 inches before sufficient NO, is accumulated to trigger the photocell.

2
Furthermore, we have become aware of the difficulties involved in
operating a process consisting of two pressure zones. We proposed last

year that, to operate the NO/N system under amn elevated pressure

2% .,
(10 ~ 20 atm), we would employ a relief valve on the path of enriched

HNO3 from the exchange column, which is at thelelevated pressure, to the
product refluxer, which is at the atmospheric pressure, and a use.’
diaphragm compressor to compress the nitric oxide generated by the

refluxer before the gas is.returned to the exchange column. However, we
have since learned the difficulties in the maintenance of such a cdmpressor
necessary for its reliable operation and difficulties in controlling and

balancing the flow rates of HNO, coming out and NO going back. If this is

proved to be the case, we shoulg consider a feasibility of operéting the
refluxer at the same elevated pressure és the exchange column.

Aside from the bressure level of refluxer, the photocell method has
room for improvement, as explained earlier. Accofdingly, we have

designed, qonstructed; and operated a new SO.-flow control system based

on detection of reaction zone by means of teiperature sensing with a
thermistor. We will present its design and operation in Secfion (B-1-a)
and the considerations for a pressurized refluxer design in Section’
(B=1-b). In Section (B-l-c) a step-by-step procedures of operations of

the Pyrex'reflux system is given for the sake of record.
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(B-1-a) Thermistor Control of Reaction Zone: We have installed an

1/8" diameter well on the side wall between two photocell ports of the
existing Pyrex refluxer. Figure 1l shows thé thermistor well as well as
the SOZ—handling system. The electroniq.circuit for the SOZ-flow control
is shown in Figure 12.

In this circuit the common emitter inverter is used as a switch, the
informatioﬁ transmitted being simply the presence or absence of a positive
signal which result in the tranSmitte: being in the state of saturation
or cutoff, respectively.

The positive and negative'voltages (Vo) are generated by the
operational amplifier in the following manner. V+ is chosen by changing
RP so that V+ > V_ is achieved with the lower end of the reaction zone
slightly above the level of the thermistor well. Then, the resistance
of the thermistor (RT) is not so small, V+ >V, and therefore
Vo = +14V, the transistor being in saturation. The relay thus causes
a solenoid valve for a supply of compressed air to open, which keeps the
pneumatically operated valve in the auxiliary 802 line (V3 in Fiéure ;l)

closed. The value of V+ at which the valve V_ is shut off is given by

3
1 A
~ . l
I+R_||R, = 1+R_ °
Pl] £ P

V+(h) = Vi

Rp being much less than R.. In this equation the resistance values are

f
in kilo-ohms. The h in V+(h) indicates the "high'" trigger point, when

the reaction band reaches its highest level.

As the reaction zone falls, i.e., as more SO2 becomes needed, the
temperature of the thermistor increases, RT decreases, and V_ increases.
When V_ becomes greater than V+, Vo becomes ~14V, and no current flows

through the relay, thereby allowing more SO, to flow to the product .

2

refluxer. The value -of V+ when the auxiliary SO, line opens is given by

2
Vi Vo

vy (2 = 3% - T
P : £

where the resistance values are in kilo-ohms. V;(z) can be chosen to be.

different from V+(h) by appropriately changing Rf. By properly chosing
the values of V+(h) and V_(%) one can adjust the detector sensitivity.

We found that the amplitude of fluctuation of the level of reaction zone
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[Legends for Figure 11 will be found on page. 65.]
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Figure_Legends for Figure 11

Cl anq C2 : Photocell detectors

cL T lCoolant

Fl and F2 e Floumeters

Sl’tSZ’ 83 : Teflon-plug stopgocks

T1 and T2  'Ieflon:beilows valves

™ : - Thermistor well

Vl , : Stainless éteel shut;off valve

VZA- ,: .Stainless steel regulating/shut-off valve

V3 ;. Stainlesé steel, bellows—sealed,Apngumatic vaive,
actuated by air pressure controlled by a,solgpoid valve.

v : Stainless éteel needle valve. -
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© Figure 1Z. Sulfur Dioxide Flow Control Circuit using Thermistor as Reaction
: Zone Sensor
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[Legends for Figure 12 will be found on page 67.]



-67-

Figure Legends for Figure 12
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can be adjusted from a few millimeters to a‘few centimeters, but an
amplitude of about 1 cm is adequate.

We have operated the reflux cplumn using this control for extended
periods of time ranging up to 24 hours and have found it much more
reliable than the photocell method. We also found it more versatile than
the photocell system, because it gives us two different trigger points
rather than just one. This is very useful since the electronic noise or
any slight ;hanges in any of the operating conditions would not interfere
with the automatic control. Besidés, the thermistor éystem is suitable
for adaptation to the elevated pressure operation of feflﬁxer, while the
photocell method is not. We plan to use the thermistor method throughout

the remainder of this 15N—fractionation study.

(B-1-b) Feasibility of Refluxer Operation under Elevated Pressure:

If the produgt refluxer is to be operated at the same elevated pressure
as the exchange column, a major modifitation'of its design will be
necessarj. Following consideration is based on a reflux pressure of
10 atmosphere. ' |

All the feed streams to such a reflux column must be pressurized.

There are three feed streams, i.e., the HNO_, from the exchange column,

3
the dilute sulfuric acid line to the top of the column, and the S0, gas

line to the bottom of the column. The HNO, line has no problem, because

3

HNO3 is already at the operating pressure of exchange column. Thé dilute

sulfuric acid will have to. be preséurized but it offers little problem,
because we don't have to wofry about the loss and the holdup of HZSO4
during the compression, which was the case when we considered a compressor

for the enriched nitric oxide. .However, the SO, supply will have to be

. ' T2
heated, because its vapor pressure at room temperature is only 34 psig.

The vapor pressure of SO, reaches 10 étm at 55.5°C. Therefore, a 2.5

2
gallon, Type 304 stainless steel, high pressure (1800 psig) cylinder has

been purchased. Prior to a fractionation run, SO, will be transferred to

. 2
this special cylinder from the vendor's cylinder. The SOZ-tank is then
heated up in a silicon o0il bath. Some kind of heating arrangement for

the SO2 source would have been necessary even without the vapor pressure '
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problem, because the'latent heat of vaporization wili have to‘be
supplied to the cylinder. _

Because the‘SO2 vapor pressure must be maintained by heating it up
at its source, the temperature of the entire reflux column will also
have to be maintained at 55.5°C for the 10 atm operation. To accoﬁmodate
the medium concentration sulfuric acid (1 n 10 M) at this temperature,
even Type 316 stainless steel will be unsatisfactory. The only possible
material is Teflon or its equivalent (or lead). To provide the
mechanical strength and the chemical resistance, we will have to have
the inside surface of stainless steel refluxer column with a thick coat
of Teflon. We belleve we can fabricate such a column without trouble,
especxally because (cf: Figure 11) the condenser sectlon at the top end
of the refluxer does not have to be coated with Teflon, inasmuch as 1tsA.
inner wall will not be exposed to sulfuric acid. The intermal cooling
lines in the Pyrex system of Figure 11 will be replaced by a jacket of
heating fluid surrounding the column.

The:e are two outlet lines from the refluxer, i.e., thé NO-line and
the waste sulfuric acid line. The NO is already at the exchange column
pressure and it can be.returned directly to the exchange column without

much additional holdup. The waste H2804 can be released to the drain

through a relief valve, which can be at room temperature, if SO2
is completely consumed in the region of the column maintained at
the elevated temperature. This can be accomplished by maintaining
a length'éf the column between the reaction zone and the bottom of

the column along which its temperature is gradually decreased.

Aside from the pressure of operation of the refluxer, NO2 which is |

introduced at the top of the exchange column has to be heated to a

o

temperature of 79. 5°C to achieve a vapor pressure of 10 atm. A stalnless

steel cylinder identical to that used for heating SO. supply has been

2
installed for this purpose.

Having been familiarized with operations of the refluxer, including
its thermistor version, we are in a process of test-starting the all

1

stainless steel exchange column system that we already built
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re-assembled. For this phase of étudy at one atmosphere, we plan to

use the Pyrex refluxer. Concurrently, we are working on a design of

high pressure refluxer column.

(B-1-c) Operating Procedures of Pyrex Refluxer Column: Starf—Up:

1.

8

Flood the nitrogen oxide scrubbing tower with water. Drain and
maintain a constant flow of ~ 2 liter/min.

Pressurize the HNOj3 reservoir to 2 psig. This pressure is needed
because the check valve leading to the scrubbing tower keeps the
pressure inside the column at 1 psig above atmospheric pressure.

Start the flow of cooling water.

Flood the product refluxer with water by closing S, and opening
V5. This is done to wet the packing. Drain excess water and
maintain a water flow of 1-2 cc/min.  The small flow of dilute
sulfuric acid at the top of the column is kept to reduce the
amount of NO7 going into the exchange column in the actual
operation, and to cool the 'product refluxer. It is usually

‘kept at 15 to 25% of the flow of nitric acid.

Start the oxygen flow to the scrubbing tower to oxidize the
nitric oxide. Maintain a flow of about 75% (in moles) of that
of S0, to assure an excess of 02

Start the SO, flow. Since the pressure inside the column at

the level of SOjp-feed point will increase, the level of the
liquid at the bottom will be lowered. To keep the level from '
going too far down and create the possibility of SO, discharging
into the atmosphere, the right side .of the Hypalon U~tube is
raised. The Hypalon tubing can withstand concentrated HpS0y .

Start the HNO5 flow to the desired level by opening S3{ After
several minutes a band of NO, (brown gas) will appear.

With V3 closed, Vo is adjusted so that SO; is pumped into the’
refluxer at a rate required to maintain the boundary of the:
reaction zone at the level of the sensing element (thermistor

or photocell). This flow is reduced by 15%Z by partially closing
Vy and then increased by 307% by adjusting the needle valve (V,)
with V3 opened. During the run the height of the reaction zone
is maintained constant by a Schmitt trigger which operates a
relay that drives a 120 VAC solenoid valve which transmits
pressure of either 0 or 50 psig to an all stainless steel

pneumatic- bellows-sealed valve, which results in opening or

closing of the pneumatic valve, respectively. When the reaction
zone falls, the thermistor senses the increase in temperature,
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and the change in resistance causes the Schmitt trigger to trip
at a preset voltage level, thus operating the relay. The
pneumatic valve now cycles on the average of once every minute
to provide the automatic control of 502 flow.

Close § SZ’ S3, Vl’ V,, and V

1’ 2 5°

Open Ty to flush out the conténts of the column into the
scrubbing tower with N,. '

Open T, to flush out waste HypSO,; into the drainage system.

3

Shut off cooling water.

‘Vent the HNO. reservoir.

Close Ty and T,, .open .Sy and 52,*vent the product refluxer and
wash out the column by opening V5.

Typical Flow Rates

HNO3(mmoles/min) ' ‘SOz(mmbles/min) Oz(mﬁoles/min)

32 : 36 . ' 24

18 o 20 : 13 1/2
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‘(B—Z) New Product Refluxer for Nitrox Process

by Motonari Adachi

- The problem of chemical waste associated with a large scale Nitrox
process in which 15N is fractionated by isotope exchange between NC and
HNO3 was pointed out by Michaels and Schwind'of Mound Laborato;y. They
estimated that the total HZSO4 generated by a Nitrox plant6producing
300 metric tons of "~N at 99% enrichment per year is 27x10 metric toms.
Also, the correspondingly enormous amount of SOz.will h;ve to be trans-
ported to the site of the plant.

To avoid the needs for the large amount of chemical input and the
problems of disposing of the lérge amount of chemical waste, Michaels
and Niﬁitz of Mound Laboratory investigated an electrolytic reduction
of nitric acid utilizing a spécially designed,'lotholdup electrolytic
cell. The problem seems to be that of high overvoltage, which was
verified in the presence of metal ion catalysfs, at high (80°C) tempera--
-tures, and also with high cathode flow rates.

‘ Asla possibleAreducingvagent which might replace SO2 in the Nifrox

or NO/N process we have investigated ferrous sulfate solution in

0]
273 , .
sulfuric acid. Reduction of nitric acid by FeSOA‘in HZSO4 is well known

‘as the "brown ring" method for the detection of nitrate. The "brown

ring" is iron (II) nitrosyl complex, FeN02+. Recently, Pearsall and

(17)

-+ .
Bonner ‘conducted a careful study of reduction of FeN02< by excess
+ ' : _ oo
amounts of Fe2 and concluded that, at the pH's below 4 and at room
temperature,lFeN02+ is stable and does not undergo any.further reduction,

although NO is reduced to N 2 above pH .
of 7. '

Manchot and Haunschild

2O at pH's between 4 and 7 and to N

(18)

measured the equilibrium constant for the
~ two-phase reaction,

relt(aq) + NO(g) T FeNOZT(aq) , @3

at temperatures between 2°C and 44°C, whose results are reproduced in

Table 6 and Figure 13.
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Table 6: Equilibrium Constant for Reaction (23)

t(°c) K(atm-lz
2.6 3.02
11.9 1.77 ,l
18.6 1.08
25.5 0.66
31.4 0.415
44.0 0.133

Depending on the line of extrapolation used in Figure 13, the equilibrium
constant at 100°K rangesjfroﬁ 0.002 at:m-’l to 0.026 atmfl.' Using a |
compromised value of 0.012 atm we have made a sample designlof a product
refluxer, in which HNO3 and FeSO4 + H2804 concurrently flow down a colummn
maintained at about 100°C mainly by boiling steam up the column from a
still pot'at the lower end of the column. Nitric oxide released by the
decompbsition of'FeN02+ flows upward countercufrently to the liquid flow.
Our calculation shows that the nitrogen content in liquid iS';educed to

the order of 1 ppm after only 2 stages, if we can assume that nitric

3

oxide generated by the reduction of HNO
+ ' :
form of FeNO2 will immediately flow upward. After the liquid containing

which is not complexed in the

excess FeSO stoa, and Fe3+ exits from the still, Fe++ may be regene-

4° ‘
rated by an electrolytit reduction. What follows is a sample calculation
for the refluxer column. .

The reduction of nitric acid by ferrous salt proceeds as follows:

HNO, + 3Fe? + 38" o+ no + 3Fe> 4 2H,0 v o (24) -
y [-] = - .
| 8G3 g 11.76 kecal
_ 8
K298 = 4x10

Consider a packed column as shown in Figure 14. Because the reduction
goeé further than NO in“a pH higher than 4, and because the sulfuric acid

is diluted in the column, the concentration of H2804 fed with FeSO4 has
to be sufficiently high. Let it be 0.9 molar. A solution.of.F,eSO4 in
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0.9 M - H2804 is fed at a higher elevation than the feed point for HNO

so that N02, N203,

reactions may be efficiently scrubbed by sulfuric acid. Purpose of

3
NZOA’ etc. which may be generated in the side

the still at the bottom end of the column is two-fold. The steam
generated by the still flows up the column and acts as a carrier for
nitric dxide generated by the decomposition of FeNO2+ while, at the
same time, keeping a low partial'pressure of NO.

Operating Conditions Assumed:

Temperature of the still pot = 100°C
Feeds: HNO3;-6 M, 2 ml/mip
'H,80,; 0.9 M
FeSO4;'l‘§ _
Steam generated in the still: 3 &/min @ 100°C and 1 atm.

70 ml/min

= 98 mmol/min = 1.76 gram/min
Stoichiometry '
HNO3 feed rate

Fe2+ feed rate

12 mmol/min

70 mmol/min
H+ feed rate = 126 mmol/min
Rate of éonsdmption of Fe2+ = 36 mmol/min

Composition of solution after the redﬁction:

0.459 M - Fe?t; 1.22 M - H'; 0.486 M - Fe

3+
12 mmol/min

1367 ml (@ 100°C, 1 atm)/min

Total Liquid Flow-Rate: 70 + 2 + 1.7 = 74 ml/min

Total Gas Flow-Rate: ' 3000 + 367 = 3367 ml/min

NO generated

]

Crbss—sectional Area of Column: I.D. = 3 cm
~ 7.07 cm
'If the packing material is 3/16" I.D. glass helix, then the void

2

fl

Area

ratio is 0.76, and the cross-sectional area of the void volume is

5.37 cmz. If 10% of the void .is occupied by liquid, the linear flow
rate of liquid and gas are 2.3 cm/sec and 11.5 cm/sec, respectively.
" 1If 50% of the void is liqui&, the linear flow rate of liquid and gas
are 0.46 cm/sec and 20.8 cm/sec, ;espéctively. -

Material Balance and Equilibrium Relationms:

If the total pressure of steam and NO is 1 atm, the partial pressures
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of steam and NO at the top of the column are 0.89 atm and O.il atm,
respectively. (We assume the temperature is still 100°C since the
liquid phase is a solution of HZSO4 and the salts.) FeNO2+ at the
top of the column is in equilibrium with this partial pressure of
NO: [FeN02+] = 6.7x10-4‘§ at the top of the column. If we assume
only that part of NC generated which forms the complex with Fe2+
moves toward the bottom of the column and that the remainder of NO
is lost to the top 6f the column,}the net feed rate of nitrogen to
an envelope formed between the bottom of the column and the HNO3
feed point will be 0.0495 mmol/min (cf: Figure 1l5a). If we require
that there is zero nitrogen flow at the bottom of the envelope,
' 0.0495 mmol/mih of NO has to come out at the top of the envelope:
Po = 5.O7x10_4 atm at the top of the ;ivelope. vFiéure 15b shows
the equilibrium concentrations of FeNO ' and equilibrium partial

pressures of NO for the first few stages.

Both equilibrium and.qperatingAlines go through the origin. The
slope of the equilibrium line is 181.5 atm/M, while that of the
operating line is 0.754 atm[y;

Flooding: -

We have used Lobo's empirical relation

(19)

to calculate the maximum
allowable gas flow rate and found it to be four times the gas rates

used in the calculations above.

We have fabricated a jacketed Pyrex column, 30 mm i.D. x 50 cm long,
paéked with 3/16" 1.D. giass helices. -It'is designed to allow variable
levels of feed points along the length of the column. ' The feed streams
are preheated. The top of the goiumn is connected to a‘condenser Qia'a
preheater for the condensate wﬁter returning to thelcolumn. We are about
to start operations of this colummn at 1 atm td test its performaﬁce'as a
function of various flow.rates, concéntrations,'témperatures, and steam
boil-up rates.  The liquid effluent will be analyzed for total nitrogen
by fhe KjeldaHl/Nessler method developed for the sub-pbm level of

nitrogen, which will be reported in the following section.
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(B-3) New Analytical Procedure for Total Nitrogen

by Riazulla Rouhani Manshadi and Motonari Adachi

The Kjeldahl distillation for conﬁerting nitrogen compounds to.
ammonia followed by the Nesslerization of the ammonia for a coyorimetric
determination is a well accepted method for the quantitative analysis of
total nitrogen. However, our tests showed that the method is unreliable
when one tries to quantitatively analyze inorganic nitrogen at concen-
trations of the order of ppm or less. The problem is in the fact that
ammonia dissolves well in water at room temperature: Small amounts of
ammonia are easily lost between the Kjeldahl flask and a receiver flask
when it is absorbed by water}droplets formed on the inside walls of
_connecting tubes. We have developed a new procedure which solves this
intermediate absorbtion problem. With the new method, we are able to
analyze 0.1 ppm nitrogen with an»accufacy better'than +10%.

Devarda's alloy is used for the féduction of nitrate. The alloy is
45% Al, 50% Cu, and 5% zn. The alloy is used in an alkali solution. For
example,

3NO3 + 8Al1 + 50H + 2H20 -*_3NH3 + 8AlO2

The apparatus (cf: Figure 16) consists df a reaction vessel, a‘jacketed
connecting tube, and an absorption tube. The upper half of the reaction
.vessel and the connecting tube are formed into one integral unit. The
ﬁpper and the lower'halées of the reaction vessel are connected by means
of an O-ring joint (60 mm I.D.), which providesfﬁeans for cleaning of the
vessel and infroduction of liquid samples. The upper part of reaction
vessel has two vertical ports'and one horizontal port, each port being -
equipped with an Ace screw cap joint. One of the vertical ports is used
to'feed-through‘a thermometer, and the other is used to insert a tube for
bubbling of helium through the solution. The bubbling is used to help
expel the last trace of ammonia from the solution. The hofizontal port
is used to support a Teflon rod to which a glass cup container for
Devarda's alléy is atﬁached. The glass cup is detachable from the Teflon
rod for cleaning. 'The alkalinity of the sample solution is adjpéted_ih

the reaction vessel. Devarda's alloy is added to the solution by
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50mm . ®
Figure 16. Micro-Kjeldahl Apparatus

[Legends for Figure 16 will be found on page 81.]



Figgré Legends for Figure 16

(a)
(b)
(c)
(d)
(e)
(£)
(8)
()

Reaction vessel

'Glass container for Devarda's alloy

Teflon rod; rotatable aroﬁnd its axis
Thermometer

Helium bubble tubé

Teflon anti-mist insert

Receiver tube

Fritted cylinder
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rotating the Teflon rod. To prevent water condensation inside of the
dome of the reaction vessel, the entire vessel is enclosed in an ‘
electrical heating mantle. .

The transfer tube is jacketed for its entire length so that hot
water (v 90°C) flowing through the jacket keeps water vapor from con-
densing. To prevent entraining of fine mist of sample solution irto the
receiver tube, a Teflon piece is inserted in the entrance end of the
transfer tube. If the solution finds its way into the receiver tube,
the subsequent Nesslerization of the absorber acid causes turbidity due
to the metal ions from Devarda's alloy. The receiver tube consists of
a ffitted cylinder tube inserted in a 20 cm long cylindrical container
of acid absorber. _

What follows is a step—by-étep procedure for the Devarda's allby/
Kjeldahl method and for the colorimetric determination by Nesslerization.

Devarda Reduction Procedure

(1) Weigh about 0.50+0.01 gr of Devarda's alloy,.and transfer it to
the glass cup designated by the letter (b) in Figure 16 by means of a
clean, dry, glass funnel. During this process the glass cup is already
attached to the Teflon rod,.and the upper part of the reaction vessel has
to be positioned upside down. After placing the alloy in the cup, hold
the upper part of the flask by means of the Teflon rod (c), and rotate
the upper half of the reaction vessel 180° around the axis of the Teflon
rod in such a way that the sample cup is held rlght-51de up all the time.
Clamp the whole reaction vessel to a stand afterwards.

(and/or NO.

(2) Place 20 cc of sample solution containing NO.~ 2 )

nitrogen in the reaction flask (a).
(3) Add 20 cc of 6.25N NaOH in the flask (a).-

(4) Connect the reaction flask (a) to its upper half by means of
O-ring clamp.

3

(5) Place 15 cc of 0.3N HZSO4 in the receiver tube and clamp it to
the connecting tube. .

(6) Connect a helium source to the bubble tube (e).
(7) Comnect a thermometer to one of the vertical ports (d).

(8) Run a stream of hot water (90.C) through the jacket. Enclose
the entire reaction vessel in an electrical heatlng mantle. Heat the
upper half of the vessel to above 100°C.

(9) Pour Devarda's alloy into the reaction vessel byuroteting the
Teflon rod.

(10) Open a valve in the helium supply line very slowly. Control
the rate of bubbllng so that the bubbles through the receiver tube does
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not push the acid level too high up.

(11) Heat the lower half of the reaction vessel by using a heating
mantle. Temperature of the reacting liquid is maintained at 85°C.

(12) At the end of the reaction, which may last one hour, take the
distillate by following these steps:

(a) Stop heating and disconnect hot water flow.

(b) Equalize the pressure by disconnecting the thermometer
port (d).

(c) Stop the gas bubbling.

(d) Transfer the absorber acid into a 50 cc volumetric flask,
and wash the receiver tube, pouring the wash solution
into the volumetric flask. Add distilled water to bring
the volume up to 50 cc in the volumetric flask.

Spectrophotometric Procedure

A spectrophotometer, Model SPECTRONIC-21 by Bausch & Lomb Company
has been used with a sample holder with 1l.cm light path and at a wave-
length 410 nm and the slit width AX = 10 nm.

Take 10 cc of the sample from Step (12) of the Kjeldahl procedure
above. Add 1 cc of 1.00 N- NaOH, and mix the solution well by shaking
the beaker. Add 1 cc of Nessler's reagent (described later) at the rate
of 1 drop per second. Concentration of the NaOH after the fimal drop
should fall within the range from 0.15 N to 0.5 N in order to obtain a
good result. - After NaOH is added, wait for 10 minutes to let the color.
fully develop.

The Nessler reagent used in this method is the Folin-Wu type
purchased from Fisher Sc1ent1f1c Co. It comnsists of 1.5% W/V Hglz, 1.15%
W/V KI, and 1.75 N NaOH. ‘ '

Set the zero absorbance on the spectrophotometer by using the same
size sample of distilled water that has undergone the Devarda reduction
and Nesslerization procedures.

A calibration curve can be comnstructed by using a series of standard
nitrate solution which are subjected to the Devarda reduction and the
Nesslerization procedures. Our calibration curve is presented in Figure 17.
A blank correction is always necessary. Since the Devarda's alloy contains
a significant amount of nitrogen (cf: Figure 17), the amount of the alloy
used has a significant consequence on the calibration curve.

This procedure can be.used for cohcentrations ranging from 0.01 ‘to
5 ppm nitrogen in the form of nitrate. However, 5 ppm is not the upper
limit possible. It simply reflects the highest concentration we experi-
mented for. : '
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(C) DIFFERENTIAL FORCE CONSTANT CHANGES AND ISOTOPE EFFECT

by Takanobu Ishida

(C-1) Approximation for the Differential Effect

Exact evaluation of direction and magnitude of an effect of a
contemplated change in a force constant matrix element to isotope effect,
i.e., In(s/s')f, is a time-éonsuming task, because it involves solving
two secular problems (one for each isotope). In an effort to find a

“short-cut methbd for this problem, the study of effects of differential
changes in various E-matrix elements to the isotoﬁic reduced partition
funétion ratio that was started %ast year has been continued.. Last year,(l)

we have developed a set of expliéit formula for the first derivatives of

In(s/s')f wit?zgespect to force constants fij’ based on the WIMPER

"approximation ) of In(s/s")f. The approximation may be written as

follows:

0 1 2
ln—f = D + D + D 25
qu[ ] Pq - 'pq Pq (25)

corresponding to the zero—th,'first,‘and second-order terms in thé’WIMPER—
approximation of 1n(s/s')f. ‘ , . ‘

An extensive FORTRAN program, DIE (Differential Isotdpe Effect), has
been written to test the errors of terminating the expansion after n = 1
term and then those after n = 2 terms for the differential effects of
diagonal force constants-as well as off—diégonal force constants. The
program consists of -the following subroutines: ‘

(1) DIAG: This subroutine accepts information on an E-matrix and
two G-matrices (one G-matrix for each isotopic molecule) from the main
' program, solves two secular equations; |FG' - AI| 0 and Izg - l%| =
and returns two sets of exact eigenvalues.

(2) EXACT: This subroutine calculates the first derivative of
In(s/s')f with respect to a given force constant; fpp or qu, at a
.specified temperature. This is done by varying the given f or qu by

1%Z of its original value, evaluatlng exact eigenvalues for both isotopes

for the new g-matrlx,'calculatlng exact 1n(s/s')f for the new Eamatrlx,
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and comparing it to the value of In(s/s')f obtained for the original
{—matrix. .
(3) ZERO: This is to compute the differential effect of a given

qulto the zero-th order term in the WIMPER approximation first as

o _ _3 . S
R -9
where
3N-6
S ¢ = :E ; 'y - ’
In — £ ? , [1n b(u; ) - 1n blu D1 (27)
i=1l '

in ‘which
. X |
Yio T kT \‘ fiigii ’ | : (28)

and then as

(¢] S(u 0) .
¥ ) ' (29)
2f . : [
pPq PP Pq .
where
ﬂ@?i‘—%ij, @0
Yo(et

and upo is given by Eq. (28), and qu is the Kronecker delta. Eq. (29)
is an approximation to Eq. (26), and subroutine ZERO makes the comparisonm
of exact.and approximate values. ‘
(4) FIRST: This subroutine computes the differential effect of a
given fpé to the first order term in the WIMPER approximation, i.e.,
1 4,2 : :
D =-WA (=) 6g  (1-6 (31)
Pq - 1*1 &P &pq pq) ’ -
where W1~is the modulating coefficient of WINIMAX approximation,
= 1/24, & =g' - or the isotopic difference in the
A » 08,q T Bpg T Bpg © P (p,fq)
element of G-matrices, and 6pq is the Kronecker delta. '
(5) SECOND: This subroutine computes the differential effect of a

given qu to the second order term in the WIMPER approximation, i.e.,

2 _ ., A2
DS = WAy G B (32)
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where

g ‘ aTr(gz) 3Tr(§02)
"pq ~ 6‘- °f of °pa |’

(33)

in which EZ = FGFG and ﬂoz = Eozgoz, F, and G being the diagonal
matrices consisting of only the diagonal elements of z and g, respectively.
The second term on the right-hand side of Eq. (32) can be written, when
Pp =4, as
2
3Tr(H )
—2% _=-2f ¢ 2 (34)

of
PP PP PP

Sinée usefulness of the whole approximation for the differential effect

depends on how well one can approximate the term, aTr(kI‘z)/afp , of

. q
Eq. (33) by a simple formula, we have tested several conceivable approxi-
mations for it. It has previously been shown(21) that
3Tr (%) .
——gggg-'= 2(g£$)pq . ‘ s . (35)

Of the approximations for (ggg)pé we have tried, the following seemed
. most promising and reasonable so that this approximation is written into

Subroutine SECOND:

: A 2
GFG = f + £ + f + 36
(WWW)PQ gpq( PPgPP qngq) PQ‘gPPsqq qu ) (36)

This corresponds to the (p,q) element of the triple product of the (2x2)

arrays,

£ £ | te
Eop Fpq PP Pq Eop Epq

. £ £
g Byq pq qq | 8pq Bqq

1f one uses a non-vanishing qu for an interactibn between coordinates

P and q, it is usually because these two coordinates are also kinetically
coupled and, consequently, gpq # 0. The nggleéted coupling terms 8 s afe
associated with frs and other interaction force constants, and such terms

in Tr(Hz) will vanish when differentiated with qu. Furthermore, Eq. (36)
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keeps the required s etr GFG = (GFG . Subroutine SECOND
P q ymmetry, (GFG) o ('\/V\;)qp

automatically compares the result of the approximation (36) among

other approximétions with the exact value of (g{g)pq.

The program is almost debugged. When finished, we plan to use
this program for the differential effect calculations in molecules such
as HZO’ C02, HCHO, CHA’ C2H4, C2H6, and C6H6.
a reliable approximation after the first or second order term.

Hopefully, Eq. (25) gives
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(C-2)  Differential Calculation for Vapor Pressure Isotope Effect

A program, P9042D, has been written to facilitate differential
calculations related to the vapor pressure isotope effecf (VPIE). After
a set of experimental VPIE data are obtained, we always face the task of
fitting an E-matrix of the condensed phase to reproduce the VPIE data,
as well as some observed liquid frequencies. This is a tedious trial-
and-error operation. Very often, one ends up using a few hundred
liquid E's before a reasonable fit is obtained. The stﬁdy of the approxi-
mation for the differential effect reported in the preceding section, if
successfully completed, will provide a means of short-cutting this process.
In the meanwhile, however, we will have to continue to use the exact
method.v The program we have used in the past, i.e., a version of
Schachtschneider-Snyder program allows us to use only one g—matrix at a
time and the output contains sometimes repetitive and many non-essential
information. The formats of output makes it usually too bulky to use in
- the remote terminal mode of computer usage.
‘ Program P9042D has been written to accommodate inputs of as many
'g—matrix changes as needed in a single run, and the output format is
tailored to provide only essential ihformation needed for the differ-
ential VPIE calculation in a very compact form: It prints out the gas
- F-matrix and the basis liquid E—matrix (the matrix from which the subse-
quent changes are made) just once and only if so desired. The g—matrices
are usually (unless instructed otherwise) not printed, because they are
always printed out as an output of the %—ﬁatrix program. The gas
frequencies and the liquid frequencies of both isotopes, the frequency
isotope shifts, the frequency shifts upon condensation, 1ln(s/s')f
ln(s/s')fcond.’

table for every modified g-matrix. It has been used very successfully in

' _ gas’
ln(fc/fg), T ln(fc/fg), and T are tabulated in a compact

the liquid E—matrix fitting for the fluoroform VPIE-data. The listing of

- the program is attached to this report.
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APPENDIX-(A)

Listing of Program P9042D



OO0

THIS IS & VARIATION OF 9042 PROGRAK FOR OBTAINING THE DIFFERENTIAL EFFECTS IN
FREQUENCIES, LN(S/57)F FOR GAS OR LIO PHASE, AND LN(FC/FG), DUE TO A CHANGE IN
F-NATRIX OF GAS OR LIQUID. UP TO 24 F-MATRIX ELEMENTS NAY BE CHANGED
SINULTANEOUSLY IN EACH PHASE. INPUT SETS MAY BE STACKED TO PROCESS AS MANY
DIFFERENTIAL EFFECTS AS NEEDED. ONLY ONE REFERENCE & UP TO TWO NON-REFERENCE
ISOTOPES ARE ALLOWED FOR EACK PHASE.
THE ENTIRE NAIN PROGRAN BETWEEN STATEMENT ND. 90 AND THE END OF PROGRAN
IS REPEATED FOR EVERY 1SOTOPIC SPECIES.
ess ORDER OF INPUT:
1) ISOTOPE1, GAS

2)

4)

6)

8)

10)

12)

14)
15)

y LI10

3) ISBTOTEZ, 6AS

y LI1O

S) ISOTOPE3, GAS

, LIO

7) 1SOTOPEY, BAS

y LIR

9) ISOTOPE2, 6AS

y LIO

11) ISOTOPE3, GAS

y LIO

t3) 1SO0TOPE1, GAS

, LIO

yNUNB=1 (=REFERENCE) :
yNUNB=2 ( * )
yNUNB=3 '
yNUNB=4

NUNB=5, IF ANY=
NUNB=s, ©

yNUNB=7 ,CHANGE IN F IF ANY

,NUNB= -8 "
NUNB=9,
 NUNB=10,

,NUKB=11,

 NUNB=12,

oNUNB=13 ,CHANGE IN F IF ANY:

JNUNB=14, " "

IMPLICIT REAL*8 (A-H,0-Z)
DIKENSION 6G(é,18, 18) FF(2,18,18),6(18,18), F(18 18),VU(18, 18),
1DV(18),T(10), RECORD(BO) NRO(I?O) NCO(I?O) NFO(170) 24170)
2F1(170),FJ(170),NROUG(4),NCOLG(%),DATING(4),NRL(170);NCL(I70),
INFL(170),2L(170),FIL(1720),NRG(170),NC6(170),NFG(170),26(170),
. AFIG(170),IT(24),4(18,18),DG(18),BD(18),H(18,18),C(1B,18) ,FNEU(24)

CALL ERRSET (207,256,-1,0)
CﬁLL ERRSET (208,511,-1,0)

READ GLOBAL INFORKATION FOR PRESENT MOLECULE.

MULTIPLE OF
IND=-09

NUNB
NO
NRED

4

OR 6

READ 6G(1,
READ 66(2,
READ GG(3,
READ GG(4,
READ 6G(S,
READ 6G(4, ,
READ F-CHANGE INFORMATION
READ F-CHANGE INFORMATION

- w w - -

READ F-CHANGE INFORMATION
READ F-CHANGE INFORMATION

“NOLECULES" ARE DIFFERENT IF
DIFFERENT ISOTOPIC SPECIES, DIFFERENT PHASE, AND DIFFERENT F-NATRIX, STACK
AS MANY MOLECULES AS NEEDED, EXCEPT THAT THE TOTAL NUMBER MUST BE AN INTEGER

THE PROGRAM CALLS EXIT OTHERWISE. PUT ONE BLANK CARD AT THE END
OF. INPUT DECK.

SERIAL MOLECULE NUMBER.

SEE EXAMPLES.

NUMBER OF INTERNAL COORDINATES USED FOR F- & 6-MNATRICES
NO. oF REDUNDANT COORDINATES INCLUDED IN NQ.



COO0O0OO0O00O0000DO0O0000

90
3001

OoO0O0OOo0O

IFS .t =2 IF STANDARD F-MATRIX, AND IF G-MATRIX 1NPUT 15 PROVIDED
¢ =1 IF * , BUT WO " "
s =0 IF F-NATRIX IS TO BE MODIFIED.
NF ¢ NUNBER OF ELEMENTS IN FI-NATRIX. THIS AND NOZ ARE SIGNIFICANT 2
‘ NEEDED ONLY UHEN MUNB=1 OR 2. -
NOZ s NUMBER OF ELENENTS IN Z-MATRIX.
NIT - : NUMBER OF FI-MATRIX ELEMENTS TO BE CHANGED SINULTANEOUSLY. THIS
- AND MODE BELOW ARE SIGNIFICANT & NEEDED ONLY WHEN
NUXB IS NOT 1 OR 2 AND IF KIND=1,
NODE  : =0 IF A CHANGE OF +1X IS IMPOSED ON EVERY F-MATRIX ELENMENT
MODIFIED
=1 IF A CHANGE OF +0.1 NDYN/A IS IMPOSED ON EVERY ELEMENT
MODIFIED '
=2 IF EACH CHANGE IS BY +0.01 MDYN/A.
=3  IF EACH CHANGE IS BY -+0.001 KDYN/A.
. =4 IF NON-STANDARD CHANGES ARE MADE. THEN, FNEV INPUT IS NEEDED.
KIND s =1 IF REFERENCE-GAS OR REFERENCE-LIO MOLECULE.
' =2 IF NON-REFERENCE MOLECULE USING THE STANDARD F-MATRIX.

4 =3 IF NON-REFERENCE NOLECULE USING A MODIFIED F-NATRIX.
ssessesss FOR FURTHER DISTINCTION ANONG KINDS, SEE “SUNMARY" BELOW.
READ(5,5001) IND,NUMB,NG;NRED,IFS,NF,NOZ,NIT, KIND NOTEM,MODE ,NCT
FORKAT(1213)

‘tt#‘ttttt##tt‘#*ltt#t‘t#t3*t*t*t*t*t*t##*‘#t*t*t#t*‘#t*t**t*#t**‘

SUMNARY OF TYPICAL 6LOBAL INPUT (FOR 2 NON-REFERENCE MOLECULES) FOLLOUS:

DESCRIPTION OF HOLECULE' NUNE IFS KIND READ CALCULATE SAVE PRINTOUT

c

C ----------------------------------------------- coeme 000 mecece—-

C STAND-F, REFERENCE ,GAS - 1 2 16,F,T FREQ FREQ - F

c © LLIR 2 2 16,F FREQ FREQ F

c - 1S0TOPE-A,GAS 3 2 26  FREQ,RPFR FRED,RPFR NONE

c - - L1 4 2 26  FREQ,RPFR FREQ,RPFR FREQ(G’,6)

C LN(FC/FB) CFREQ(L,L) .
c ‘ DFREQ(ISOTOPE
c ,PHASE)
c : RPFR(G,L,D)
c. 150TOPE-B,6AS 5 2 26  FREQ,RPFR FREQ,RPFR NONE

c . ,L10 6 2 6  FREG,RPFR FREQ RPFR SANE AS FOR

c A LN(FC/FG) 1S0TOPE-A

C HOD’D-F,REFERENCE ,6AS 7170 1 IT FREG FREQ CHANGE IN F

c - B LIg 81/0 11T FREQ FREQ wo .

c 1S0TOPE-A,BAS 9 170 3 NONE ALL+DIFF. ALL+DIFF. NONE

c * e LIe 101/0 3 * o o ALL+DIFF

C *  ISOTOPE-B,GAS i 3= . " NONE

c - . LI0 1210 3 . “  ALL+DIFF

T ssss ’

C NOTES:#ALL NEANS ALL ITENS APPEARING FOR CDRRESPONDING SPECIES IN STAND-F



OO0 o

935
100
9002

6001
103
104
1035

110

112

5000
113
5003
115

117

118
119

120

122
130

135

3004

5005

134
137

. 138

140

#DIFF NEANS DIFFERENCE, NODIFIED-F WINUS STANDARD~F
«ONE OR BOTH IFS’S FOR 6AS & LIQ IN NODIFIED-F CAN BE 1. REPEAT PATTERN
" OF IFS USED FOR REF FOR ALL OTHER ISOTOPIC MOLECULES, E.G.,IF IFS=1 & 0
FOR REF G6AS & LIG, USE If=1 § O FOR ISOTOPE-A & -B ALSO. ,
SUESEEEBOEEEABEESEEXSRSAEECEEUEREKSXR B EXEEBEEEEXEABEE XA EXREXBXEE SR &K
IF.(IND.EG.-9) 60 TO 100
CALL EXIT |
READ(5,5002) (RECORD(I),I=1,18)
FORNAT(9A8/948)
URITE(6,8001) (RECORD(I),I=1,18)
FORMAT (1H1,/5X,9A8,/)
IF(IFS.EQ.2) GOTO 110
NP=NCT
DO 105 I=1,N@
DO 105 J=1,N0
6(1,J)=66G(NP,1,J)
60 TO 130
CONTINUE
DO 112 I=1,NQ
DO 112 J=1,NQ
66 (NUNB,1,J)=0.0D0
6(1,J)=0.0D0
READ(S, 5000) (RECORD(1),1=1,9)
FORMAT (948)

LN

‘READ(S5,5003) (NROWG(L),NCOLG(L), DATING(L),L=1,3)

FORNAT(3(213,E18. 9))

DO 120 L=1,3

IF (NROWG(L))122,610,117

IF (NCOLG(L)-NKOWG(L)) 610,118,118
IF (NQ-NCOLG(L))610,119, 19
I=NROWG(L)

J=NCOLB(L)

6(1,J)=DATING(L)

6(J,1)=G(1,J)

6G(NUNB,1,J)=6(I,J)

GG (NUMB,J,1)=6(1,J)

60 T0 113

IF(1+NROWG(L))610,130,610

IF (NUNB-3)135,160,160

READ(5,5004) (NRO(I),NCO(I) ,NFO(I),Z(I),I=1,N02)
FORHAT(4(313 Ff.6))

‘READ(S, 5005)(FI(K) yK=1,NF)

FORMAT(6F12.6)

DO 138 K=1,N0Z

IF (NB-NCO(K))415,136,136

IF (NCO(K)~NRO(K))615,137,137
IF (NF-NFO(K)) 615,138,138
CONTINUE

IF (NUNB.EG.1). GOTO 150

DO 141 I=1,NOZ

NRL(I)=NRO(I)



141

142

150

151

152

39006

160
161
162
165

166

KCL(D)=NCO(T)

NFL(I)=NFO(I)

W(D=2(D)

DO 142 I=1,NF

FILCI)=FI(I)

L6=2

60 TO 300

LG=1

DO 151 I=1,NOZ

NRG (1)=NRO(I)

NCE(I)=NCO(I)

NFG(I)=NFO(I)

(D=1

DO 152 I=1,NF

FIS(I)=FI(I) .

IF (NOTEN.EQ.0) GO TO 300
READ(S,5006) (T(I1),I=1,NOTEN)
FORNAT(9F8.2) |
URITE(6,5006) (T(I),I=1,NOTEN)
60 TO 300

IF(KIND.EQ.1) GOTO 166

IF (NUNB.EQ. (NUNB/2)%2) 6OTO 165

LG=1

6070 320

L6=2

6070 320 A

IF(NIT.EQ.0) 60 TO 141
READ(5,5001)(IT¢I),1=1,NIT)

IF (KODE.NE.4) GOTO 171 o
READ(5,5005) (FNEW(I),I=1,NIT) .
IF (NUMB.EQ.(NUMB/2)%2) GO TO 148

B0 167 1=1,NIT

167
168
169

171
172

J=IT(1)

FIG(JI=FNEU(])

60 T0 171

DO 169 I=1,NIT

J=IT(I)

FIL(J)=FNEU(I)

IF (NUMB.EQ. (NUNB/2)%2) GOTOD 175
L6=1 :

D0 173 1=1,K02

" NRO(I)=NRG(I)

173
174

175

NCO(I)=NCG(I) -

NFO(I)=NFB(])
2(1)=26¢1) -

" BO 174 I=1,NF

FI(I)=F16(1)
60 T0 180

L6=2 :

Do 176 1=1,N0Z
NRO(1)=NRL(I)



WCO(I)=NCL(I)

NFO(I)=NFL(I)
176 2(1)=IL(1)

DO 177 I=1,NF
177 FIC(I)=FILCD)

- 180 IF(IFS.NE.O) 60 TO 300

IF (NODE.GE.1) GO TO 190
181 DO 185 I=1,NIT
CJ=IT(D)
185 FI(J)=FI1(J)#1.01D0 .
60 TO 300
190 DO 195 I=1,NIT
J=IT(D)
H=-NDDE
195 FI(J)=FI(J)+10.DO*sH
300 CONTINUE.
DO 305 I=1,N0
DO 305 J=1,N0
305 FF(L6,1,J)=0.0D0
DO 310 K=1,NOZ
I=NCO(K)
J=NRO(K) -
K=NFD(K) o
FF(LG,1,J)=FF(LB,1,J)¢Z(K)*FI(N)
310 FF(LG,J,1)=FF(LG,I,J)
IF(NUNB.EG.2) 60 TO 6
IF(NUNB.NE.1) 6OTO 320
WRITE(6,6004)

6004 FORHAT(!HO “STANDARD F-NATRIX FOK GAS:”)

URITE(6, 6005)

6005 FORHAT(!HD, o1 2
1 S é 7 R
2107)

b0 312 I=1,NB
312 URITE(S, 6006) (FF(1,1,J),J=1,N0Q)
6006 FORNAT(?X 10F12.6)
60 T0 320
6 URITE(4,6007)

6007 FORHAT(1H0 STANDARD F-MATRIX FOR L1G:")
URITE (¢, 6005) '
b0 315 1=1,N0

315 URITE(S, 6006) (FF(2,1,d),4=1, NG)
320 DO 325 I=1 NG
B0 325 J=1,N0
325 F(l,d)= FF(LG I,
340 NR1=0 .
IEGEN=0
342 CALL HDIAG(G,NQ, IEGEN A,NR1)

© 343 D0 350 J=1,NQ

1IF(0.0005D0-6(J,J))347,343, 345
345 D6(J)=0,0D0



347
349
350
390

395

400
402

404
406
408

610
6002

615
6003

60 TO 349

D6(J)=6(J,d)

B0 350 1=1,N0

U(I,J)=a(1,J)2DSORT(DG(J))

DO 400 J=1,NQ

DO 395 L=1.NQ

DPD(L)=0.0D0

DO 395 K=1,NQ

DDIL)=BBILI+F (L, K) UK, d)

DO 400 I=1,N@

H(1,J)50.0D0

DO 400 M=1,N@

H(I,J)sH(I,J)+W(N,1)+DD(N)

NR=0

IEGEN=0

CALL HDIAG(H,NQ,IEGEN,C,NR)

DO 408 I=1,NQ

DY (I)=DSGRT(DABS(H(I,1)/5.88852D-7))

CALL THERN (NG,NRED,DV, KIND,NUMB,IFS,LG,T,NOTEN,NCT, 1T, NODE, NIT,
IFNEW)

60 T0 90

WRITE(4,4002) NROWG(L),MCOLG(L),DATING(L)

FORNAT(1HO,” G-NATRIX ERROR. THE CARD READS ,213,F12.6)
60 TO 95

WRITE(6,6003) NROCK),NCO(K),NFO(K),Z(K)

FORNAT(1HO,” Z-NATRIX ERKOR. THE CARD READS *,213,F12.6)
60 10 95

END

SUBROUTINE HDIAG(H,N,IEGEN,U,NR)

INPLICIT REAL*8 (A-H,0-2)

‘CHOIAGNIHDI3, FORTAN II BIAGONALIZQTION OF A REAL SYMNETRIC HATRIX BY

OOO00O0000000ENOOD 0O

10

THE JACOBI METHOD.
CALLING SEQUENCE FOK DIAGONALIZATION

~ CALL HDIAG( H, N, IEGEN, U, NR)

‘WHERE H IS THE ARRAY Y0 BE DIAGONALIZED.

N 15 THE ORDER OF THE MATRIX, M. .
IEGEN NUST BE SET UNEQUAL TO ZERD IF ONLY EIGENVALUES ARE TO BE
COMPUTED.

1EGEN WUST BE SET EQUAL TO ZERO IF EIGENVALUES AND EIGENVECTORS
ARE TO BE COMPUTED. |

U 15 THE UNITARY MATRIX' USED FOR FORNATION OF THE EIGENVECTORS.
NR IS THE NUNBER OF ROTATIONS.
" DINENSION STATEKENT WUST BE INSERTED IN THE SUBROUTINE.
DINENSION 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 H THAT ARE TO THE
RIGKT OF THE NAIN DIAGONAL. THUS, ONLY A TRIAKGULAR

SECTION NEED BE STORED IN THE ARRAY H.

DIMENSION H(18,18),U(18,18),X(18),10(18)
‘IF (IEGEN) 15,10,15

DO 14 I=1,N



DO 14 J=1,N
IF(I-J)12,11,12
11 U(I,J)=1,0D0
60 T0 14
12 U(1,J4)=0.0D0
14 CONTINUE
15 NR = 0
IF (N-1) 1000,1000,17
SCAN FOR LARGEST OFF DIAGONAL ELENENT IN EACH ROV
X(I) CONTAINS LARGEST ELEMENT IN ITH ROW
10(1) HOLDS SECOND SUBSCRIPT DEFINING POSITION OF ELEMENT
17 NKI1=N-1
DO 30 I=1,NHIt
X(1) = 0.0D0
IPL1=1+1
DO 30 J=IPL1,N
IF (X(1)-DABS( H(I,J))) 20,20,30
20 X(I)=DABS(H(I,J)) -
16(1)=J
30 CONTINUE
c SET INDICATOK FOR SHUT-OFF .RAP=2%%-27,NR=NO.OF ROTATIONS
RAP=7.450580596D-9
HDTEST=1.0D38
FIND NAXINUN OF X(I) § FOK PIVOT ELENENT AND
TEST FOR END OF PROBLEM
40 DO 70 I=1,NNIf
IF (I-1) 60,60,45
45 IF(XNAX-X(I)) 60,70,70
60 XNAX=X(I)
IPIV=1 .
JPIV=18(I)
70 CONTINUE -
c IS MAX. X(I) EQUAL TO ZERO, IF LESS THAN HDTEST,KEVISE HDTEST
IF (XNAX) 1000,1000,80
80 IF( HDTEST) 90,90,85
85 IF (XNAX - HDTEST) 90,90,148
90 HDININ = DABS ( H (1,1) >
DO 110 1I=2,N
IF (KDIKIN - DABS ( H (I,1))) 110,110,100
100 HDININ=DABS (H(I,I))
110 CONTINUE
HDTEST=HDININ®RAP
c RETURN IF NAX.H(I,J)LESS THAN(2#%-27)DABS(H(K,K)-KIN)
IF (HDTEST-XNAX) 148,1000,1000
148 HR= NR+1
c CONPUTE TANGENT, SINE AND COSINE,H(I,I),H(J,J)

150 TANG=DSIGN(2.0D0, (H(IPIV,IPIV)-H(JPIV,JPIV)))I*H(IPIV,JFIV)/(LABS (H
1CIPIV, IPIV)=H(JPIV,JPIV))+DSARTCCH(IPIV,IPIV)=H{JPIV,JPIV) ) sx2+
24.0D0*H(IPIV,JPIV)*#2))

COSINE=1.0D0/DSART (1. 0DO+TANG=*2)
BINE=TANG*COSINE

o N o N e

e Mol



o oNel

152

HII=H(IPIV,IPIV)

H(IP1V, IPIU) CUSINE‘*Z#(HIL}TANG*(Z 0DOsH(IPIV, JPIU)+TQNG*H(JPIV,
!JPIU))) -

HCJPIV,JPIV)=COSINE®#2+(H(JPIV,JPIV)- TANGs (2, ODOOH(IPIV JPIV)-TANG
tsHll))

H{IPIV,JPIV)=0.0D0

PSEUDD RANK THE EIBENUALUES

ADJUST SINE AND COS FOR COMPUTATION OF H(IK) AND UCIK)

IF ( H{IPIV,IPIV) - H(JPIV,JPIV)) 152,153,153

HTENP = H(IPIV,IPIV)

H(IPLY, IPIV) = H(JPIV,JPIV)

~ H(JPIV,JPIV) =HTEMNP

133

200
210
230
240
250

RECONPUTE SINE AND COS

HWTEWP = DSIGN (1.0D0, -SINE) * COSINE

COSINE -=DABS (SINE)

'SINE =HTENP

CONTINUE

INSPECT THE 18S BETUEEN I+1 AND N-1 T0 DETERMINE
WHETHER A NEW NAXIUN VALUE SHOULD BE COMPUTE  SINCE
THE PRESENT NAXIMUN IS IN-THE I OR J ROM. :
DO 350 I=1,NMIt

IF(1-1PIV)210,350,200

IF (I-JPIV) 210,350,210

IF(10¢1)-IPIV) 230,240,230

IF (10(1)-JPIV) 350,240,350

K=10(I)

HTENP=H(I,K).

- H(I,K)=0,0D0

- 300
320
350

IPL1=]+1

X(I1) =0.0B0

SEARCH I DEPLETED ROW FOR NEW WAXINU
DO 320 J=IPL1,N

IF C X(I) -DABS( H(I,J)) ) 300,300,320
X(1) = DABS(H(I,J))

10(1)=J

CONTINUE

H(I,K)=HTENP

CONTINUE

X(IPIV) =0.0D0

X(JPIV) =0.0D0

CHANGE THE ORDER ELEMENTS OF M

"~ D0 $30 I=1,N

370

380
390

400

IF (I-IPIV) 370,530,420
HTENP = H(I,IPIV)

H(I,IPIV)= COSINESHTENP + SINEH(I,JPIV)

IF ( X(I) < DABS( H(I,IPIV)) 380,390,390
X(I) = DABS(K(I,IPIV))

10(I) = IPIV |
H(I,JPIV) = - SINESHTENP + COSINESH(I,JPIV)
IF  X(I) - DABS ( H(I,JPIVI) ) 400,530, 530
X(I) = DABS(H(I, JPIV))



10(1) = JPIV
60 TO 530
420 IF(I-JPIV) 430,530,480
430 HTENP = H(IPIV,I)
H(IPIV,I) = COSINESHTENP + SINE#H(I,JPIV)
IfF ¢ XCIPIV) - DABSC(H(IPIV,I)) ) 440,450,450
440 XCIPIV) = DABS(H(IPIV, 1))
10(IPIV) = 1 ' .
450 H(I,JPIV) = - SINESHTENP + COSINESH(I,JPIV)
IF (X(I) - DABS( H(I,JPIV)) ) 400,530,530
4B0 HTENP = H(IPIV,I)
K(IPIV,I) = COSINE*HTENP ¢ SINE*H(JPIV,I)
IF ( X(IPIV) - DABS( K(IPIV,I)) ) 490,500,500
490 X(IPIV) = DABS(M(IPIV,I))
10(IPIV) = 1
500 H(JPIV,I) = - SINESHTENP + COSINEsH(JPIV,I)
IF ( X(JPIV) - DABS( H(JPIV,I)) )510,530,530
510 X(JPIV) = DABS(H(JPIV,I))
10(JPIV) = 1
5§30 CONTINUE

- C TEST FOR COMPUTATION OF EIGENVECTORS

IF (IEGEN) 40,540,40
540 DO 550 I=1,N
HTENP=U(I,IPIV)
U(I,IPIV)=COSINE+HTENP+SINESU(I, JPIV)
550 U(I,JPIV)= ~SINE#HTENP+COSINE®U(I,JPIV)
GO TO 40
1000 RETURN
END
SUBROUTINE TRANS(AX,BX,CINT,CX,N)
INPLICIT REAL*8 (A-H,0-2)
DIMENSION AX(18,18),BX(18,18),CINT(18,18),CX(18,18)
1005 I=st,N
B0 5 J=1,N
CINT(I,J)=0,0D0
DO 5 K=1,M
CINT(L,J)=CINT(I,J)+AXCT,K)*#BX(J,K)
DO 12 I=1,N
DO 12 J=1,N .
CX(1,4)=0.0D0
D0 10 K=1,N
10 TXCI,d)=CX(T,J)+BXCI,KISCINT(K,d)
1F (0.00005-DABS (CX(1,4)))12,12,11
11 CX(1,J)=0.0D0
12 CONTINUE
13 RETURN
END
: SUBROUTINE REAR(a, o
C THIS SUBROUTINE REARRANGES A ONE-DINENSIONAL ARRAY A INTO DESCENDING ORDER.
C N IS THE NUNBER OF ELEMENTS IN A.
"INPLICIT REAL$B (A-H,0-2)

o s



10

135

20

21

25

10

DIKENSION A(18),IT(18),B(18)
D0 10 I=i,N

IT(1)=0

NC=1

D0 20 1=1,N
IF(IT(I).EQ.0) GOTO 21
CONTINUE

C=A(I)

11=1 .

DO 25 I=1,N
IF(C.GE.A(I)) BOTO 25
IF(IT(1).EG.1) GOTO 25
C=ACI)

11=1

CONTINUE

B(NC)=C

- IT(ID) =1

30

C THI
C AND
C OF

C DOwn

S

7
10
1"
195

NC=NC+1

IF(NC.LE.N) GOTO 15

DO 30 I=1,N

A(D=B(D)

RETURN

END

SUBROUTINE THERN (NQ,NRED,DV,KIND,NUMB,IFS,LG,T,NOTEM,NCT,IT,NODE,
ANIT,FNEW)

S I5 A 9042D-VERSION OF SUBROUTINE “THERKD". RPFR, ITS PHASE-DIFFERENCE,
THEIR CHANGES DUE TO CHANGES IN F-NATRICES ARE COMPUTED. ALL PRINTOUTS
PROGRAM 9042D EXCEPT FOR THE ALPHAMERICS AND STANDARD F-MATRICES ARE
E IN THIS SUBKOUTINE.

IKPLICIT REAL®8 (A-H,0-2) - '
DIKENSION BV(18),T(10),DVR(2,18),DVI(2,18),DV5(48,18),Y(2,24),
1Y5(6,24),D1¢18),D2(18) .D3(10),D4(18),D5(18),D4(18),B7(18),D8(18)
209(18),D10(10),D11(10) ,D12(10),D13(10),D14(10),1T(24) , FNEU(24)

MO =NB-NRED

NN1=NUMB-1 ‘

CALL REAR(DYV,N@)

IF (KIND.NE.3) GOTO 100

NP=NCT

NP1=NP-1 -

DO 10 L=1,NOTEM

X=0.0D0

D0 7 I=1,M0 -

UR=1.4385¢DVR(LG,1)/T(L)

UI=1.4385¢DV(1)/T(L)

X=X4DLOG U1 /UR)+(UR-UT) /2. 0DO+DLOG( (1. 0D0-DEXP (~UR) )/ (1.0DO-DEXP
1-U1)))

CONTINUE

Y(LG,L)=X

DO 15 I=1,M0

DVI(LE,1)=DV(I)

IF(L6.EQ.2) 60TO 20
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#a6=Ko
60 T0 500
20 D0 25 I=1,HO6
‘D1(I)=DVR(1,I)=DVR(2,])
. DP2(I)=DVI(1,I)-DVI(2,])
. DA(I)=DVK(1,I)-DVS(1,1)
BS(I)=DVI(1,1)-DVS(NPL,])
DP6(I)=DVR(2,1)-DV5(2,1)
D7(I)=BVI(2,1)-DVS(NP,I)
DB(I1)=DA(1)-Dé(1)
25 D9(1)=B5(1)-B2(1)
NL=NO6+1
DO 30 I=NL,NQ
D6(¢I)=DVR(2,1)-DV5(2,1)
30 D7(I)=DVI(2,1)~DVS(NP,I)
DO 35 L=1,NOTEN
B3(L)=Y(2,L)-Y(1,L)
D1o(L)= (1(1 L= vs«npx L))%1.D2
B11(L)=(Y(2,L)-YS(NP, L))*I B2
D12(L)=B11(L)-B10(L)
B13(L)=T(L)*DI(L)
D3(L)=D3(L)*1.D2
D14(L)=T(L)sD12(L)
35 D12¢(L)=D12(L)*1,D2
40 URITE(6,6001) . .
6001 FORMAT(1HO,” _ ‘ FREBUENCY (CM-1)
1 ' ' REDUCED PARTITION FUNCTION RATIO’)
URITE(6,6002)

2-=--") |
WRITE(4,6003) | g
6003 FORMAT(1X, * BAS L1aUID
1 PHASE-SHIFT’) .

URITE(6,6004) B 4 4
6004 FORMAT(1X, /m=memmmeemmeccmemcccccec cmeccccocomcsemionas moen

WRITE(4,4005) _ | |

6005 FORNAT(1X, / REFERENCE  ISOTOPE  REFERENCE  ISOTOPE  REFE
1RENCE  ISOTOPE  TEWF BAS LIG  100sDIFF  T#DI
2FF) '

WRITE(6,6006)

6006 roann1<1x, /emmmmmmmemee emmmmmieee ceceeeeee m mmmmememeee —eeee
ovmmme —mmen remee meeecsmee ccmmeeemee meemmmmmee mmemmeooe eee-
2----*) .

\ WRITE(6,6007)

6007 FORNAT(1HO)
DO 45 I=1,M06
45 WRITE(4,6008) DURU, 1), DVIML, D), DVR(2,1),DV1(2,1),D1(1),D2(1).
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6008 FORMAT(1X,6F12.3)
DO 46 I=NL,N0
. 46 WRITE(4,6009) DVR(2,1),DV1(2,1)
6009 FORKAT(25X,2F12.3)
URITE(6,6007)
DO 50 L=1,NOTEM
50 WRITE(4,6010) T(L),Y(1,L),Y(2,L),D3(L),DI3(L)

4010 FORNAT(73X,F10.2,2F11.5,2F10.4)

" 60 WRITE(4,6011)

6011 FORNAT(1HO,///1X,’ EFFECT OF WODIFIED F-NATRIX FOLLOWS:
1VALUES UNDER "CHANGE IN REDUCED PARTITION FUNCTION RATIO" ARE 100%
24CTUAL )

WRITE(6,6012) - |
6012 FORNAT(1HO,’ CHANGE IN FREQUENCY (CH-1)
K S CHANGE IN REDUCED PARTITION FUNCTION RATID”)
URITE(6,6002) o
URITE(6,6003)
URITE(6,6004)
URITE(6,6005)
URITE(6,6006)
URITE(6,6007)
DD 65 1=1,M06 |
65 URITE(4,6008) D4(I),D5(1),D4(1),D7(1),DE(I},D9¢(I)
DO 70 I=NL,NQ '
70 WRITE(6,6009) Dé(I),D7(I)
WRITE(6,6007)
B0 75 L=1,NOTEN
75 WRITE(6,6010) TCL),B10CL), DH1(L),DI2(L),D14(L)
60 70 500
100 DO 105 1=1,MQ
105 DVS(NUNB,I)=DV(I)
IF(KIND.NE.1) B0 TO 200
110 DO 115 I=1,ND
115 DVR(LG,I)=DV(I)
IF (NUNB.LE.2) GOTD 500
120 1F(L6.E0.2.AND.IFS.EQ.0) GOTO 125
© IF(LG.EQ.1.AND.IFS.E.0) 6OTO 121
. 60 TO 500
121 URITE(4,6013) MODE « »
6013 FORMAT(1HO,” GAS F-NATRIX BEING MODIFIED: MODE =.,I3)
60 T0 130 | ,
125 WRITE(4,6014) NODE

6014 FORMAT(1HO,” LIQUID F-MATRIX BEING MODIFIED: WODE = *,I3)

130 WRITE(4,6015) ¢IT(I),Is1,NIT) f

6015 FORMAT(1X,” ITCI) = 7,2013)

IF (HODE.NE.4) BOTO 500
WRITE(6,6016) (FNEW(I),I=1,NIT)

6016 FORMAT(1X,” FNEW(I)= ',5r12 6)

60 70 500
200 DO 210 L=1,NOTEM
X=0.0D0



207
210
21%
215

220

225

235
240

245

246

250
300

B0 207 1=1,¥0

UR=1.4385¢DVR(LG,I)/T(L)
ul=1. 43853DU(I)IT(L)
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X=X#DLOG(UI/UR)+(UR-UI)/2 0DO+DLOG( (1. ODO DEXP(-UR))/(1.0D0-DEXF(

1-U1)))

CONTINUE-

YS (NUNB,L)=X

DO 215 1=1,M0
DVI(LE,I)=DV(I)
IF(L6.EG.2) 6OTO 220 .
HOG=NE

NL=N0G+1

60 TO 500

DO 225 I1=1,M06
D1¢I)=DVR(1,I)-DVR(2,1)
D2(1)=PVI(1,I)-DVI(2,1)
DO 235 L=1,NOTEM

DI(L)=YS(NUNMB,L)-YS(NN1,L)

D13(L)=T(L)*DI(L)
DI(L)I=D3(L)*1.D2
WRITE(6,6001)
URITE(6,6002)
WRITE(4,6003)
WRITE(6,6004)
VRITE(6,6005)
WRITE(4,6006)
WRITE(4,6007)

DO 245 I=1,KQ6

WRITE(S, 6008) DVR(1,1),DVI(1,1),BVR(2,1),DVI(2,1), D1(I) D2(I}

DO 246 I NL, N0

URITE(S, 6009) DVUR(2,1),DVI(2,1)

URITE(4,6007)
B0 250 L-I NOTEMN

WRITE(S, 6010) T(L),YS(NNI, L), YS(NUHB L),b3(L), DIB(L)

RETURN
END





