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INTRODUCTION

Polymeric binder materials have been used for some time as composite propellants in
a number of Defense systems (1-3). These include: polyneopentyl glycol azelate {NPGA)
in HAWK; hydroxy-terminated polybutadiene (HTPB) in VIPER, PATRIOT, MET
ROCKET, GSRS, PERSHING, and HFLLFIRE; polybutadiene acrylic acid (PBAA) in
PERSHING and SPARTAN; and polyethylene glycol (PEG), polyethylene glycol adipate
(PEGA), and polycaprolactone (PCL) in composite smokeless propellants,

However, the polydisperse nature of these binders gives rise to significant differ-
ences in the various combustion properties of the respective propellant, hence the engine
itself, Further compounding the problem is that the analytical procedures currently
employed for characterization of the respective prepolymers are difficult and time-
consuming, Moreover, there is considerable disagreement at the present time regarding
interpretation of the results of such analyses even when performed in good faith, and
correlation of the results with the properties (e.g., curing) of the resultant polymer (4-8).

Contract F04611-84-K-0016 was therefore let by the Air Force Astronautics
Laboratory to Prof. R. J. Laub to explore and to clarify the situation regarding the
analysis of propellant prepolymers; and to develop and optimize strategies pertaining to
speciation according to molecular weight, to degree of branching, and to functionality
distribution. = The methods employed in that work centered largely upon liquid
chromatography, gel permeation chromatography, density, viscosity, vapor-phase
osmometry, differential scanning calorimetry, infrared and nuclear magnetic resonance
spectroscopy, and mass spectrometry, .

It was also found during the course of the work that the technique known as "inverse"
gas chromatography (IGC) offered an additional and very powerful supplemental tool for
the charecterization of R-45M, Moreover, the method appeared to be simpler, faster,
more accurate, and provide a much higher information content, than any combination of
conventional techniques currently employed for these purposes. -

Briefly, IGC makes use of the retention behavior of probe-solutes to examine the |

properties of the stationary phase (here, R-45M). For example, discontinuities in van't
Hoff plots of log(retention) against inverse temperature can be used to determine
polymer gluss transitions, liquid-crystalline phase behavior, and so forth., However, the
technique can also be used to assess the stationary-phase molecular weight and hydroxyl
content; and, potentially, the type and extent of chain branching as well.

Some very promising results were then obtained In preliminary work. As a result,
and since virtually nothing was known about the utility of IGC for species such as
hydroxy~-terminated polybutadiene, the current Contract, F04611-87-K-0006, was let for
exploratory study and further assessment of the inverse gas-chromatographic technique
as a method for characterizing R-45M. In addition, it was intended that the fundamental
analytical developments and resultant practical methodologies and techniques arising
from the work also be made applicable to analysis and routine quality control of virtually
any prepolymer system, particularly those that are not readily amenable to
characterization by the above-mentioned conventional means.

THEORY OF INVERSE GAS CHROMATOGRAPHY

Interest in the polymer uptake of simple to complex compounds dates back to well
before the time of Raoult, and has Included such diverse phenomena as the agqueous
swelling of cellulose and the fast-dyeing of fibers. In this Century, the experimental
study of solute/polymer interactions has for the most part centered upon activity coef-
ficient deta, and their interpretation in terms of theories such as those associated with




Hildebrand, Scatchard, Flory, Prigogine, Patterson, and others. However, while these
efforts have certainly been attended with some success, it can hardly be claimed that
any high degree of quantitative reconciliation has been achieved for other than simple
hydrocarbon systems. Nor is the matter a trivial one, since activity coefficients and the
- associated thermodynamic properties of solution account for very many physicochemical
phenomena of both fundamental as well as applied interest in many branches of the
physical sciences.

Closely allied with the above, inverse gas chromatography has been used extensively
for the study of solute-polymer interactions, including phase transitions: this or that
material is employed as a stationary phase, and discontinuities in van't Hoff plots of log
(probe-solute relative retentions) (usually n-alkanes) are used to determine e.g. the
degree of crystallinity, glass transitions, and so forth. Sclute/polymer activity and
partition coefficient data are also readily derived from the technique, and have been
eglsployttiad inter alia to investigate polymer swelling and solute/polymer surface
adsorption.

The GC method of characterizing polymeric solvents derives initially from the

relation (9):
o _ X,® L0

Kg = RT/¥, 1, Vg (1)
where Kﬁ is the fully~corrected solute liquid-gas partitiop coefficient, Xy®is the solute
mole-fraction based Raoult's~law activity coefficient, f, is its fugacity (%pproximately
equal to its vapor pressure) at the column temperature 'l‘L,\and VS is the molar volume of
the solvent (stationary h%e). Partition coefficients are measured directly in the GC
technique, from which are calculated and from which the excess xtha;modynamicf
properties can then be derived. van't Hoff plots either of In K; orof In 7Y A against T
also yield information regarding phase transitions,

Insthe instances of polymeric solvents, the solute specific retention volume VO (units
- of em3 g™1) is utilized: o . o W 0 ' g

\Ig = Kp(273/rgT = 273R/V¥, pa My (2)
where rq is the density of the stationary phase and "'y°°is the weight-fraction based
activity coefficient of the solute of molecular weight AM A} Where mole~ and weight-
fraction based activity coefficients are related by:

"’gg’ = "yg" Mg /M, (3)

The inverse gas chromatographic technique thus can be used to assess physicochem-
ical properties (viscosity, functionality, molecular weight, etc.) of the liquid phase via
measurement of the specific retention volumes and/or activity coefficients of probe-
solutes., That is, the microstructure of this or that material can be determined simply by
fabricating a GC packing from it and then measuring the retentions of appropriate probe-
solutes. Moreover, high-precision gas chromatographic instrumentation (10) is capable of
levels of reproducibility of & 1%.

For example, according to eqn. 1, partition coefficients vary inversely as the
stationary-liquid molecular weight and so, the retentions of n-alkanes offer a measure of
Mg irrespective of the nature of the prepolymer. Also, alcohol and ketone solutes are
presumably sensitive to the hydroxyl content of species such as R-45M and so, would be
the appropriate probe-solutes for gauging this property of this prepolymer. In addition,
simulated aging can be carried out by passing air of a given humidity through the column
at some appropriate temperature and then rechromatogrephing the probe-solutes; where
differences In the retentions measured before and after aging rveflect the kinds and
magnitudes of changes that have taken place.




CONTRACT OVERVIEW. PHASE I:
PRELIMINARY ASSESSMENT; MOLECULAR~-WEIGHT DISTRIBUTION

The initial Phase of this Contract was designed to confirm, first, that IGC retentions
indeed correlate at least with molecular weight; and, secondly, to establish which solutes
exhibit the greatest sensitivity to molecular-weight differences in lots of R-45M. It was
then intended that nomographs of solute retentions (of whatever form) against some
function of the stationary-phase molecular weight be constructed and tested.

Task 1. Prelimninary Assessment of Probe-Solute Retentions with Lots of R-45M

In carrying out the preliminary studies, the specific retention volumes V® and
activity coefficients ¥§%f a variety of probe solutes were measured with se%eral
purportedily well-characterized batches of R-45M by high-precision gas-liquid chromato-
graphy (GLC) at from 30° to 80°C at intervals of 10°. Aliphatie, heterofunctional
aliphatic, alicyclie, heteroeyelic, and aromatic hydrocarbon solutes were considered (ca.
30 in all). Replicate runs with several batches of R-45M were also performed. Liquid
loadings were ca. 5% on Chromosorb G (AW; DMCS~treated); one batch was repeated
with 10% w/w liquid loading to check for gas-liquid interfacial effects, From these data,
the Gibbs free energy AGq , enthalpy AHS, and entropy AS, of solution were calculated
from the specific retention volumes; and, also, from the actcivity coefficients, the excess
free energy G enthalpy H®, entropy S®, heat capacity CS, and Flory-Huggins
interaction parameter X. The probe~solutes whose retentions appeared to be a function

of prepolymer molecular weight were then identified.

Task 2. Average Molecular Weight

Narrow molecular-weight fractions of two batches of R-45M were cut by solvent
extraction. The molecular weights of each were characterized by suitable means. All
probe-solutes were run with each fraction. The solutes whose retentions correlated with
prepolymer molecular weight were identified. Functions capable of reduction to
nomograph form that directly relate probe-solute retentions with prepolymer molecular
weight were then formulated. Several polybutadiene prepolymers, characterized by
GPC, were employed as stationary phases for further confirmation of the choice of
appropriate probe-solutes and the retention/molecular~weight nomographs (i.e., materials
similar to R-45M except for hydroxyl content).

PHASE II: HYDROXYL CONTENT

The second Phase of the Contract was designed to investigate the assessment of
hydroxyl content of R-45M by inverse gas chromatography. The OH contents of several
lots of R-45M were to be measured first by the classical technique of FT-IR. Probe-
solutes whose retentions correlated with OH content were then to be {dentified,

Task 1. Wet-Chemical/Instrumental Determination of Absolute Hydroxyl Content

In the Initlal stages of this Phase, several grams of narrow molecular-weight
fractions of three purportedly well~characterized batches of R-45M used in Phase I, Task
1, were cut by the solvent-extraction method, The molecular-weight ranges of each
fraction of each prepolymer were measured by GPC, The hydroxyl contents of the
fractions were also measured by ¥I-IR,




Task 2. GLC Determination of Hydroxyl Content

Several of the prepolymers were next used as GLC stationary phases. The complete
bank of probe-solutes was employed at 30-80°C and the retention information (V3, etc.)
described in Phase I, Task 1 was derived. It was found that several of the probe= %olutes
exhibited retentions that correlated with the hydroxyl content. Nomographs that
girectly relate probe-solute retentions with prepolymer hydroxyl content were

ormulated.

Task 3. Hydroxyl Distribution

At least one diketone solute was included with the bank of probe-solutes, It was
intended to attempt to correlate its retentions with hydroxyl distribution in terms of
elution times that are in excess of those for the previously-identified hydroxyl-content
probe-solutes. That is, the retentions of the diketone would be expected to be identical
to a monoketone of the same carbon number if the hydroxyl distribution were uniform.
However, the former would exhibit longer retentions than the latter if the prepolymer
contained closely-spaced hydroxyl groups with which both carbonyls of the diketone could
interact simultaneously. The results were ambiguous,

PHASE IIl: CHARACTERIZATION

The third Phase of the Contract was designed to demonstrate the characterization of
three or four selected lots of R~45M by inverse gas chromatography. It was intended in
. particular to determine. if differences in the inverse GC retentions could be correlated
with changes in the physicochemical properties of the polymers. Provided they were
available, it was also hoped that the results could be correlated with polymer viscoelastic
properties provided by AL, .

Task 1. Inverse GC of Selected Lots of R-45M

Four lots of R-45M.were characterized by IGC in terms of molecular weight and
hydroxyl content in this portion of the work. Three of the materials were provided by AL
(lots ™40", "42B", and "V004"; see later), while the fourth, R20LM, was received from
Sartomer. The latter material was said to be a "standard" batch of prepolymer that was
similar to ARCO X-20LM.

Task 2. Chain Branching

Chain branching effects on the GC retentions were looked for; none were evident.
This result correlated with that obtained for chain branching by classical techniques
(Drott analysis, etc.) in the previous Contract effort, viz., that chain branching in these
samples cannot be detected by the methods employed.

EXPERIMENTAL SECTION

Apparatus and Equipment

The high-precision gas chromatograph employed in this work was equivalent to the
system described and discussed elsewhere (10,11). Briefly, the GC consisted of a water-
bath column thermostat (Neslabs Endocal RTE-8 capable of : 0.05° precision, as
measured to + 0.02° with a Hewlett-Packard 2802A digital read-out platinum resistance
system), a Hamilton glass-lined injection port, a Brooks dual-channel flow controller, &




Gow-Mac thermal conductivity detector, and a Houston Instruments stripchart
recorder. The instrument was also fitted with a soap-bubble flowmeter and U.S. Gauge
gauges for measurement of the column sample and reference inlet pressures. Retention
times were measured to + 0.01 sec with a Siliconix ET 200 electronic stopwatch. The
analytical GC was a conventional Varian Model 14 (FID detection).

The FT-IR was a Mattson Alpha-Centauri system, equipped with a standard solutions
cell (sodium chloride windows).

The gel-permeation chromatograph was a Varian Model 8500, equipped with a
Rheodyne injection valve and a Knauer differential refractometer. The solvent was
stabilized (BHT) tetrahydrofuran (THF) throughout. The GPC column was from PL
_ Laboratories, 30 em x 8 mm i.d., and was 1000 Angstroms in porosity.

Materials and Supplies

Prepolymers. Samples of R-45M, designated as Poly bd X-10LM, X-14LM, X-20LM,
X-25LM, and X-120HM, were obtained from ARCO Chemical Co., Newtown Square, Pa.
The materials have been described elsewhere by Hinney, Babiec, Jr., and Murphy (12),
and by Arnold, Baghdadchi, Hinney, and Meyers (13), and are summarized below in Table
1. Samples of R-45M designated at lots 40, 42B, and V004 were received from Thiokol
via AL. Additicnal R-45M lots are described later, One sample of R-45M, R20LM, was
obtained from Sartomer, and was claimed to be nearly identical to ARCO X-20LM. The
polybutadiene standards, also obtained from AL, were originally from Goodyear. All

other chemicals and reagents were from Aldrich or were supplied by AL,

TABLE 1. Properties of Indicated Bulk Lots of ARCO R-45M (12,13)

Designation  n/cP (25°C) M _/De M, /M, OH/meq g™}
10LM 988 1040 LT S X £
14LM 1 450 1 420 1.5 1.40
20LM 1 868 1 350 1.4 1.40
25LM 2610 ° 1 630 1.2 1.18

120HM 11 462 3 335 - 0.59

Probe-Solutes. Roughly 30 solutes were employed throughout this work. They were
chosen so as to provide data representative of the behavior of straight, branched,
alicyclie, heterocyclic, aromatie, and halohydrocarbons,

Physical Properties. The molecular weights and critical properties of the probe-
solutes are listed in Table 2 (14-16). The latter data were required for calculation of the
_fugacity correction to the solute activity coefficients (17).

Antoine Constants and Vapor Pressures. In order to calculate solute activity
coefficients it is necessary to know their vapor pressures at the temperature(s) of

interest. The most expeditious means of reporting such data over a range of
temperatures (t in °C) is with what is known as the Antoine equation:

log pg = A~ [B/(t/°C + C)] (4)

“-The constants A, 'B, and C are then known as the Antoine constants, and are
temperature-independent. Solute vapor pressures pQ can thereby be calculated at any

temperature of interest over which the constants are valid.




The Antoine constants (16,18-205 for the probe-solutes employed in this work are
provided in Table 3 below; while the resultant calculated vapor pressures at 30-80°C are
then presented in Table 4 following. _

TABL% 2, _Molecular Weights M/Da, and Critical Temperatures T¢/K and Volumes
v®/em® mol™ for Indicated Probe-Solutes (14-16)

Probe Solute M/Da T¢/K Vc/cmr3 mol~1
n-Pentane 72.146 469.77 311.021
n-Hexane 86.172 507.85 368,041
n-Heptane 100,198 540.16 426,042
n-Octane 114,224 569.35 486,023
3-Methylpentane 86,1727 504.35 367.007
2,3-Dimethylpentane 100.198 937.75 405.000
3-Methylhexane 100,198 535.55 418.026
3-Methylheptane 114,224 565.15 478.027
1-Hexene 84.156 501.15 365.405
1-Heptene 98.182 535.15 416.979
1-Octene 112,208 365.15 468.244
Benzene 78.108 562.80 260,334
Toluene 92.134 593.95 319,981
Ethylbenzene 106.160 619.55 _ 366.040
o~Xylene '106.160 632.15 380.053
.p~Xylene 106.160 618.15 369.437
Cyclohexane ‘ . 84.15€ 554.15 ' 309.610
Methyleyclohexane 98.182 572.15 344.521
Tetrahydrofuran 72.108 541.15 223.967
Thiophene 84.138 570.15 249.890
Acetone 58 081 508.15 208.975
Methyl Ethyl Ketone 74.108 536.75 267.016
Methyl Propyl Ketone 86.135 561.05 301,042
Methyl Butyl Ketone 100.162 587.05 -
Acetylacetone 128.173 - -
Methylene Chloride 84.940 525,15 -
Chloroform 119.389 §36.35 239.005
1-Chloropentane 106,595 - -
n-Butyronitrile 69.107 982.25 -
n-Valeronitrile 83.134 - -




Probe Solute

n-Pentane
n-Hexane
n-Heptane
n-Octane

3-Methylpentane
2,3-Dimethylpentane
3=-Methylhexane
3-Methylheptane

1-Hexene
1-Heptene
1-Octene

Benzene
Toluene
Ethylbenzene
o-Xylene
p-Xylene

Cyclohexane
Methyleyelohexane

Tetrahydrofuran
Thiophene

Acetone

Methyl Ethyl Ketone
Methyl Propyl Ketone
Methyl Butyl Ketone

Acetylacetone
Methylene Chloride
Chloroform
1-Chloropentane

n-Butyronitrile
n-Valeronitrile

A

6.85221

8.87776
6.90240
6.92377

6.84887
6.85382
6.86764
6.89944

6.86572
6.90069
6.93263

6.90565
6.95334
6.9571¢
6.99891
6.99052

6.84498
6.82689

6.99515
6.95926

7.129877
7.069537
7.014347
7.037397

6.856495
7.07138
6.90328
6.96617

7.70502
7.10487

B

1064.63

1171.53
1268.115
1355.126

1152.368
1238.017
1240.196
1331.53

1152.971

1257.505
1353.5

1211.033
1343.943
1424.255
1474.679
1453.43

1203.528
1272.864

1202.29

1246.038

1216.689
1259.223
1309.592
1401.738

1377.34
1134.6
1163.0
1332.890

1825.767
1519.367

TABLE 3. Antoine Constants A, B, and C (16,18-20) (Cf. Eqn. 4) for Indicated Probe-
Solutes

Cc

232.2

224.366
216.90
209.517

227.129
221.823
219.223
212,414

226.0
219.18
212,764

220.79

219,377
213.206
213.686
213.307

222,863
221,630

226.254
221.354

230,275
221.758
214,561
209.646

208.35
231.0
227.0
218.50

260.971
218,435




TABLE 4. Probe-Solute Vapor Pressures pX/torr at 30-80°C

n-Pentane
n-Hexane
n-Heptane
n-Octane

3-Methylpentane
2,3-Dimethyl~-
pentane
Methylhexane
3-Methylheptane

1-Hexene
1-Heptene
1-Octene

Benzene
Toluene
Ethylbenzene
o~Xylene
p-Xylene

Cyclohexane
Methyleyelo-
hexane

Tetrahydrofuran
Thiophene

Acetone
Methyl Ethyl
Ketone
Methy! Propyl
Ketone
Methyl Butyl
Ketone

Acetylacetone

Methylene
Chloride

Chloroform

1=Chloropentane

n-Butyronitrile
n-Valeronitrile

pa/torr
30°C 40°C 50°C 60°C 70°C 80°C
619.4 873.2 1201, 1617, 2135, 2768.
187.2 279.6 405.5 573.0  790.9 1069,
58.39 92.52  141.6 210.3 303.7 427.8
18.46 31.12 50.38 78.70  1:i9.1 175.1
232.9 342.7 490.4 684.5 934.2 1250.
86.61 133.5 199.2 289.0 408.8 565.0
77.85 1211 182.4 266.6 379.8 528.2
25,51 42.10 66.88 102.7 153.0 221.7
230.0 339.7 487.7 682.7 934,2 1252,
71.47 111.9 169.5 249.1 356.6 498.4
22,76 37.82 60.47 93,40  139.9 203.9
119.4 182.9 217.4 391.6 551.0 757.9
36.67 59,17 92.14 139.0 203.8 291.3
12.62 21.49 35.15 55.46 84,74 125.8
8.858 15.34 25.49 40,80 63.19 94,98
11.63 19.85 32,54 51.45 78.78 117.2
121.7 184.7 271.8 389.3 543.9 743.4
58.65 91,54  138.3 202.8 289.8 404.4
201.0 301.7 439.5 623.8 864.6 1173,
100.5 155.5 233.0 339.4 481.8 6677
285.3 424.9 615.0 867.8 1197, 1617,
114.3 177.4 266.7 389.4 554.1 770.3
45.64 74,09  115.9 175.6 258.3 370.1
15.43 - 26,47 43.55 69.05  105.9 157.8
12.20 20.85 34.19 54,02 82.59 122.6
530.0 766.8 1081, 1487, 2004. 2650.
238.8 352.8 508.7 709.8 971.6 1303,
40.00 64.55  100.5 151.4 221.9 316.9
26,92 43.51 68.19 103.9 154.3 224.0
9,753 16.82 27.85 44.47 68.75 103.2




Procedures

Packed GC columns were prepared by deposition via rotary evaporation of the
stationary phase from methylene chloride solution onto the solid support, here, 60/80-
mesh Chromosorb G (AW/DMCS-treated). Packings were then displaced by suction into
3- (analytical) or 6-mm i.d. stainless-steel or nickel columns of approximately 1-2 m in
length, and were conditioned under helium flow overnight at 80°C. Data acquisition and
reduction were then carried out in the usual way (9,10).

Solvent extraction was carried out by fractional solution with combinations of
isopropyl aleohol (IPA) and benzene in a water-jacketed separatory funnel at 30°C, as
described by Laub (11). Nine fractions were obtained, corresponding to two extractions
each with pure IPA (1A, 1B), 10% v/v benzene + IPA (24, 2B), 20% benzene + IPA (34,
3B), 30% benzene + IPA (4A, 4B), and 40% benzene + IPA (54),

FT-IR data reducticn was as described previously by Emanuel and Dee (21) and by
Laub ((11)). Gel-permeation chromatography was carried out as described elsewhere by
Laub (11),

RESULTS AND DISCUSSION

Phase I, Task 1. Preliminary Assessment of Probe-Solute Retentions with Lots of R-45M

Prior to initiation of this Contract, virtually nothing was known about the activity
and partition coefficients of probe-solutes with neat or blended-polymer systems of
Defense-related interest (for example, hydroxy-terminated polybutadiene, or mixtures of
this with polybutadiene acrylic acid; polyethylene glycol + polyethylene glycol adipate;
etc.). Furthermore, yet to be explored in any detail was the varlation of activity
coefficients of probe-solutes such as alcohols, ketones, olefins, and aromatic compounds
with various separate (polydisperse) prepolymers, let alone with copolymer systems; nor
of the Iinfluence of pre?olymer molecular-weight distribution and functionality.
Accordingly, and because of the attendant. advantages of simplicity, precision, ease, and
accuracy of the inverse gas~chromatographie technique, the IGC method was evaluated
in preliminary work from the standpoint of its potential as a supplemental tool for the
characterization of Defense~trelated prepolymer materials, In the course of doing so, the
specific retention volumes of a bank of 23 solutes, comprised of normal- and branched
aliphatic, aromatie, alleyclie, heterocyclle, and heterofunctional hydrecarbons, were
determined over the temperature-span 30-80°C with three batches of R-45M and two
lots of polybutadienes (PBD).

Preliminary Evaluation of the Inverse GC Technique. Several aspects of the use of
PBD as well as R-45M as GC solvents required preliminary evaluation, such as
reproducibility of the retentions, temperature stability of the stationary phase, and so
forth, Each is considered in turn in what follows below.

Reproducibllity of the GC Technique. Despite the very many studies over the years
that have confirmed the reproducibility of the GC technique In general (9-11), an
Investigation was nevertheless carrled out of the precision with which probe-solute
specifiec retention volumes with R-45M could be measured with the Instrumentation to
hand In this Laboratory. Also, it was not known In advance whether this prepolymer was
suitable for use as a statlonary phase, that is, whether its volatility was sufficlently low
(ca. 0.01 torr) at upwards of 100°C; and whether the material was stable at least over
the duratlion of the use of the columns (ca. 3 days each).

It was found, fivst, that R-45M (as well as PBD of 1000 and 2500 Da; see later) was
fdeally suited as a stationary phase Insofar as no column bleed was observed at the
maximum temperature (90°C) of the system thermostat and at maximum sensitivity of




the thermal conductivity detector. In addition, repeated cycling of the temperature,
coupled with reinjection of several of the solutes, demonstrated that the properties of
the stationary packings remained invariant over the course of ind%vidufl experiments,
Accordingly, the fully-corrected specific retention volumes VO/em< g™ for all probe-
solutes (minimum of three replicate injections of each) wer8 determined with three
columns of the same It of R-45M at 70-80°C (prepolymer supplied by AL; 60/80- or
120/140-mesh AW/DMCS-treated Chromosorb G support). The experimental data are
provided below in Table 5; where column A corresponds to a 9% w/w loading of liquid
phase while (replicate) ecolumns B and C were comprised of ca. 5% loadings. The average
discrepancy between the columns of roughly equal statinnary-phase content was observed
to be considerably less than 1%, while the heavier-loaded column, A, showed
discrepancies with B,C on average of about 1%,

Lot-to-Lot Variations of R-45M. Shown next in Table 6 are the averaged retentions
of the probe-solutes obtained with Lot A (Table 5; 5% loaded columns), together with the
specific retention volumes yielded by two Lots, B and C, of R~45M supplied by United
Technologies. Recalling that the level of experimental error is on the order of 1%, there
are immediately apparent several experimentally-significant shifts in the retentions from
one batch of this material to another,

Considering first the n-alkanes, whose retentions are presumably a function only of
the solvent molecular weight, it was found that n-octane was retained the longest with
Lot C at 70°C and exhibited the shortest retention with Lot A. However, this order was
exactly reversed on passing to 80° and 90°C, at which temperatures Lot A yielded the
largest retention for this hydrocarbon. The retentions for all branched alkanes except 3-
methylheptane fell, as above, to within experimental error. However, this was not so for
the latter solute which, as with n-octane, was retained longest by Lot C at 70°C. The
same trend was observed upon consideration of the olefins and, in particular, 1~octene.

The retentions of the alicyclic and aromatie hydrocarbons were quite remarkable,
All were retained to about the same extent at 70°C by Lots A and B, yet eluted much
later from Lot C. However, the converse was true at 80° and 90°C: here, the probe~
solutes were retained longest by Lot A and least by Lot B, with the specifie retention
volumes observed for Lot C falling in hetween. The behavior is reminiscent of a second-
order phase transition, although what form this might take with R-45M (and/or whether
it might be an artifact of the GC technique) Is at present open to question. The probe-
solutes THF and thiophene were of little help in speclating the effect, as their retentions
were Indistinotly different from one lot to another at all three temperatures,

The probe-solute ketones were expected at the outset to show the greatest
differences in retentions on passing from one batch of R-45M to the next, slnce they are
presumably retained almost entirely as a result of hydrogen bonding. Indeed, the specific
retention volumes of methyl propyl ketone and methyl butyl ketone were found to be
nearly an order of magnitude larger than those of the corresponding n-alkanes, l.e., n-
pentane and n-hexane; nor can the differences be explained on the basis of the vapor
pressures of these solutes, Even S0, each ketone was retalned by each lot of R-45M to
about the same extent at a given temperature, which Indicated that a lower column
temperature was required in order to detect differences In hydroxyl content. However,
the same was not 30 for acetylacetone (2,4-pentanedione): the retentions of this solute
were markedly greater with Lot A than with B or C at all three temperatures considered
in this work. There was also an Inversion in the retention order of acetylacetone and
methyl butyl ketone on passing from Lot A to Lot B at 70°C,

10
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Graphxcal Hlustr:ition of the Variation of Retentions with Lots of R-45M. Further

“Tustration of the variation of GC retentions with prepolymer properties is shown in
-Figure ‘1, which .provides the absolute -specific retention volumes Vg./cm3 g™t (80°C)
“observed with stationary phases comprised of polybutadienes (PBD) “of 1000 and 2500
Da; with repeat runs of R-45M obtained from AL (Lot A); and with two of the lots of R~
45M received from United Technologies (Lots B and C, respectively). The error bars
7 represent 1% on the absolute data.

First, the preeisxon of the data obtained by IGC is illustrated by the repeat runs of
AL Lot A. The results show that the reproducibility of the absolute retentions was ca. &
0.5%, which is commensurate with what can routinely be achieved with the method.

Secondly, the retention of n-octane decreased quite substantially on passing (left to

'right) from 1000M to-2500M PBD, This is as expected, since raientions are inversely
... proportional to the stationarv-phase molecular weight in the absence of specific

energetic interactions. As a result, n-octane eluted after methyl butyl ketone (MBK) and
-acetylacetone (AcAc) with 1000M PBD, but before these two ketones with 2500M PBD,

~ i.e., there was a reversal in the retention order. The dramatic decrease ir the retention

-of n-octane with AL Lot A was also as expected, since the GPC peak-maximum
. molecular weight of the latter material is 6800 Da.

Proceeding next from Lot A to Lot B of R-45M, the retention of n-octane increased
. slightly which indicated that the latter was of slightly lower molecular we’ it than the
. former. Similarly, the retention increased again on passing from Lot E to Lot C,

" The retentions of each of the ketones increased on passing from PBD to R-45M,
which was thought initially to be a reflection of hydrogen-bonding interactions. Further,
these appeared to outweigh the effect due to the decrease in the molecular weight of the
stationary phase, which would otherwise cause their retentions to decrcase. Also, the
- retention of MBK was about the same with R-45M Lots A and B, that is, the hydroxyl
content of each prepolymer appeared to be identical. However, there was a slight
increase in the retention of this probe-solute with Lot C, which was taken as indicative
of a slightly higher OH contant of the latter,

Tne retention of AcAc decreased sharply on passing from R-45M Lot A to Lot B and,
in fact, tnis solute eluted before MBK with the latter prepolymer. This seemed to
suggest that while the hydroxyl content of Lots A and B were virtually identical, there
were more adjacent hydroxyls (implying in turn a less-random distribution) in the former
materiei “ince, otherwise, the specific retention volumes of the solutes would be expec-
ted to have been approximately identical. On the other hand, the ketone solutes coeluted
with Lot C, which indicated a random spacing of the hydroxyls with this prepolymer,

In contrast, the retentions of the aromatie lydrocarbons {not shown) were found to
be roughly equal for the two lots of PBD, yet decreased on passing to R-45M. THF and
the ketones also exhibited near-identical retentions with PBD, but each showed an
increase with R-45M, indicative of the hydroxyl content of the latter, Tluophene, on the "
other hand, .exhibited the opposite trend, that is, a decrease in Vg with hydroxy-
terminated polybutadlene.

Inverse Capillary-Column Gas Chromatography of Bulk and Fractionated R-45M,
- Also evaluated in the preliminary portion of the work were glass-capillary columns with

- R~48M. Table 7 summarizes the solute retention indices I obtained for all columny
containing stationary phases of bulk lot A of R-45M, from which soveral lvactions were

derived (swe later), as well as two of thosrza fractions, 2A (low molecular weight) and 9A

(high molecular weigat), at 42% and 52°C. Also shown for comparison are the data "

obtained for a separate batch of bulk R-45M prepolymer, lot B, which was chosen at
randomt from those available in this Laboratory.
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FIGURE 1. Plots of probe-solute specific retention volumes v2/em3 g‘l obtained with
various lots of polybutadienés (PBD) and hydroxy-terminated polﬁbutgdlenes (R-45M).
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It was found, first, that fraction 2A formed droplets immediately upon being coated
onto surfaces that had been treated/deactivated in the usual way with hexamethyldisila~
zane (HMDS), despite taking great care with the temperature control (droplet formation
can be caused among other things by ballistic changes in the column temperature). We
therefore changed to Carbowax deactivation of the column walis in the hope that sur~
faces treated with this material would be wetted more readily by R-45M. However, this
alternative was only partially successful: column temperatures of in excess of 75°C still
resulted in droplet formation with fraction 2A (although not with 9A nor with bulk R-45M
prepolymers). Therefore, pending development of a better column deactivation reagent,
all probe-solute retentions were measured with freshly-prepared Carbowax-deactivated
columns at temperatures not exceeding 55°C.

The retentions with fractionated R-45M exhibited quite remarkable shifts, not only
from one phase to another, but from one temperature to another as well. For example,
the elution order of benzene and n-propanol with fraction 2A was reversed on passing
trom 42° to 52°C. The same was also true for toluene and n-butanol. In addition, the
aleohols were retained considerably longer with fraction 2A than with 9A, which may be
a consequence of the higher equivalent weight of hydroxyl in the former prepolymer -
material (however, see later), ‘

Comparison of the retention indices with bulk prepolymers A and B showed that
cyclohexane and n~propanol overlapped completely with both at 42°C, but were well
resolved with each solvent at 52°C. Also, the retention indices of cyclohexane were
nearly temperature-invariant whereas, in marked contrast, those for n-propanol were
684.2 and 681.9 with lots A and B respectively at 42°C, but which then decreased to
674.8 and 670.4 on passing to 52°C. These data are most likely a reflection of the
hydrogen bonding extant between the latter solute and each of the bulk prepolymer
stationary phases, where the equilibrium constants for the respective interactions (hence
the solute retentions) decrease with increasing temperature. On the other hand,
athermal dispersive forces largely govern the retentions of the alieyelic hydrocarbon and
80, iitg reéention indices remained approximately constant over the temperature range
considered.

In any event, these preliminary results indicated that inverse capillary~-column GC
held some promise as a prepolymer characterization technique: the solute retentions
were obviously extremely sensitive to changes in the stationary phase, including
functionality and, presumably, molecular weight and branching as well. The information
content of the probe-solute retentions was, potentially, therefore quite substantial.

Summary of Preliminary Findings. Overall, the preliminary findings indicated that
the inverse GC  technique, coupled with appropriate probe-solutes, held considerable
promise for the characterization of R-45M: one need simply make a GC column of the
material, and then derive the information desired directly from the retentions of probe-
solutes, That is, there was the likely possibility that nomographs could be derived with
which molecular weight, functionality, and chain-branching could be determined simply
by injecting a bank of appropriate probe-solutes onto a column that was thermostated at
a specified temperature and that contained the prepolymer as a stationary phase.
Further, such a set of nomographs could in principle be based solely upon solute capacity
factors, which in turn could be caleulated directly from strip-chart recordings. In
addition, the technique would be applicable to any prepolymer system so long as the
latter could be used as a stationary phase. However, in order to derive information of
this type, it would first be necessary to correlate quantitatively the solute retentions
with the properties of interest. For example, in order to delineate the effects of
molecular weight, closely-fractionated and well-characterized prepolymer would be
required, followed by the determination at high levels of precision and accuracy of the
absolute retentions of what were thought to be appropriate probe~solutes. A nornograph
of molecular weight as a function of retentions could then be defined.
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An indication of the likely sveccess of such a treatment obtained in this portion of the
work is shown in Table 8, where the data have been cast in the form of a comparison of
the specific retention volumes of the bank of probe-solutes with 1000M and 2500M PBD
together with those of Table 6, viz., R-45M. The trends provided strong indication at
this point that it did indeed appear to be possible to speciate at least molecular weight
and hydroxyl content with suitable probe-solutes and, with further exploratory work,
perhaps chain branching as well,

Specific Retention Volumes and Retention Indices with Standard Lots of R-45M

The specific retention volumes; the van't Hoff slopes m, intercepts -b, gnd iine
least-squares correlation coefficients r for the regression of 1n VO against 10° T™/K”
(taken over the temperature range 30-80°C); and the retention ﬁujices I of 30 probe-
solutes, including normal, branched, alieyelic, olefinic, aromatie, heterocyclie, hetero-
functional, and haloalkanes, including ketones, a diketone, and two nitriles, all with the
standard lots of R~45M listed in Table 1, are presented below in Tables 9-14, The solute I
vary substantially less than the absolute retentions as a function of T and so, are
provided only at every other temperature used in the work.

Precision of the Temperature Regressions. The van't Hoff plots should be linear over
the 50° temperature-span used here, since it could hardly be expected that the solute
heats of solution, i.e., the slopes of the plots, would be temperature-dependent over such
a narrow range. Thus, the least-squares correlation coefficients r offer a measure of the
precision of the GC data, values less than 0.999 representing significant deviations.

It was found that, in fact, the correlation coefficients were greater than 0.9995 in
nearly all instances, and, in most, were substantially better than this, Even so,
correlation coefficients of as low as 0.99 were obtained in a few cases. There were
subsequently found to be two sources of imprecision, viz, solute volatility (i.e., very
short retention times), and gas-liquid interfacial adsorption (leading amongst other things
to peak-tailing and irreproducibility of retentions). For example, n-pentane with Poly bd
X-10LM had a correlation coefficient of only 0.999, a consequence of the short retention
times of this compound with this stationary phase. As the retentions lengthened,
however, r improved, passing from 0.9992 for n~hexane to 0.9994 for n-octane, In other
cases, e.g., methyl butyl ketone with X-120HM, r was only 0.994. This was a result of
gas-liquid interfacial adsorption and asymmetric peak shapes (i.e., a nonlinear sorption
isotherm), for which retention times will vary somewhat depending upon the amount of
solute injected. The effect was readily apparent with the relatively insensitive thermal
conductivity detectors employed in this work, where the injection of a few tenths of a
microliter of vapor was required in order to obtain a measurable peak maximum. (An
FID, which is several orders of magnitude more sensitive than a TCD, would of course
help to overcome this problem.) Even so, the smoothed data are expected to be quite
close to the values that would be obtained were Henry's law to be obeyed.

Feprodueibility of the Absolute Retentions. Tables 11 and 12 provide the retentions
obtained with replicate columns containing X-20LM stationary phase. The reproduci-
bility of the absolute values is excellent for the hydrocarbon solutes, the agreement
falling everywhere to within + 1.5%., However, the haloalkanes, ketones, and nitriles
deviate somewhat from this. For example, butyronitrile gives a specific retention
volume at 30°C of 657.7 with the first run, yet a value of 632.7 for the second run, This
is another consequence of the interfacial effects mentioned above, and serves to
emphasize once again that the absolute minimum detectable amounts of solutes of these
types must be injected in order to obtain reproducible retentions.
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Reproducibility of the Retention Indices. The replicate solute I in Tables 10 and 11
were found to be much more reproducible than were the absolute retentions, deviating by
at most 2 or 3 retention-index units. This is as expected, since the indices are, in reality,
retentions that are taken relative to those of n-alkanes. Thus, whatever instrumental or
system variations there are will be smoothed. Data reduction in terms of retention
.indices also has the advantage of requiring only raw retention times, as opposed to
specific retention volumes, for which the column-volume of stationary phase must be
known, That is, retention indices can be calculated from data taken directly from strip-
chart recordings and so, enable virtually any system to be employed for inverse GC,
including those that make use of capillary columns. However, there is the drawback that
information that might otherwise be derived from absolute retentions is thereby lost.
The question therefore remained at this point whether the information content of
retention-index data was sufficient to permit extraction of the desired physicochemical
properties of prepolymers, or whether, in fact, absolute retentions were indeed required.

Variation of the Absolute Retentions with Prepolymer Lot. Figure 2 presents
the VO for several representative solutes as a function of the batch of R-45M, where
stralg%t lines have been used to connect the data points. There are clearly quite striking
changes on passing from one prepolymer to the next. For example, thiophene (Th) is
retained longer than methylcyclohexane (MC) with X-14LM, but there is an inversion in
the retention order of this solute pair on passing to X-20LM. Also, while the retentions
of all other solutes rise on passing between X-14LM and X-20LM (the increase for those
of MC being particularly sharp), those of butyronitrile remain nearly coastant.

Variation of the Relative Retentions with Prepolymer Lot. The retention indices of
the solutes of Figure 2 are presented in Figure 3, A striking difference between the two
illustrations Is that the retention indices of methyleyclohexane are nearly solvent-
independent. Also, those for thiophene are at times less than those for methyleyclo-
hexane, yet increase beyond methyleyclohexene with other stationary phases. Perhaps
the most dramatic change of all, however, is the behavior of 3-methylheptane relative to
butyronitrile: the retention indices of the former solute tend to increase from X-14LM to
X-120HM, whereas those for the latter compound drop very sharply across the same
stationary-phase range. The information content of the retention-index data thus
appeared at this point to be quite high.

Activity Coefficlents

The fully~corrected probe-solute activity coefficients, calculated as described
elsewhere (9), are provided below in Tables 15~20, '

Thermodynamic Parameters

The Gibbs free energies, entropies, and enthalples were calculated from the solute
specific retention volumes and stationary-phase densities as described elsewhere (21).
The vesults are reported In Tables 21-33.

Fractional Extraction

The amounts oxtracted for X-25LM a3 deserlbed in the Experlmental Section are
shown in Flgure 4. The guantities corresponded roughly to what was found previously
with extraction-solvent step-changes of 5% (10% step-changes were employed in this

work). The flrst fraction, no. 1A, was by far the largest, amounting to close to one=
fourth of the total quantity of pelymer. Moreover, thereafter, the amounts obtained
with each comblnatlon of solvents were about equal, viz., 2A and 2B; 3A and 3B, ete,
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TABLE 15. Infinite-Dilution Aectivity Coefficients y:’for Listed Probe Solutes at
Indicated Temperatures with Poly bd X~-10LM R-45M '

¥¥°
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 0.588 0.566 0.548 0.535 0.525 0.518
n-Hexane 0.653 0.627 0.607 0.592 0.581 0.574
n-Heptane 0.723 0.690 0.665 0.646 0.633 0.623
3-Methyipentane 0.641 0.612 0.590 0.573 0.560 0.550
2,3-Dimethyl-
pentane 0.670 0.642. 0.621 0.606 0.595 0.587
3-Methylhexane 0.713 0.681 0.657 0.638 0.625 0.616
3-Methylheptane 0.786 0.748 0.719 0.699 0.684 0.675
1-Hexene , 0.533 0.518 0.507 0.500 0.495 0.493
1-Heptene 0.588 0.566 0.549 0.538 0.530 0.525
1-Octene 0.651 0.624 0.604 0.590 0.581 0.575
Benzene 0.293 0.285 0.279 0.276 0.274 0.273
Toluene 0.319 0.310 0.304 0.301 0.299 0.299
Ethylbenzene 0.384 0.367 0.356 0.347 0.342 0.338
o-Xylene 0.369 0.352 0.340 0.331 0.325 6.322
p~-Xylene 0.365 0.351 0.341 0.234 0.330 0.327
Cyclohexane 0.432 0.415 0.401 0,391 0.383 0.378
Methyleyclo~- o
hexane 0.500 0.480 - 0.464 0.452 - 0.443 0.437
Tetrahydrofuran 0.175 0.174 0.174  0.175 0.177 0.180
Thiophene 0.280 0.271 0.265 0.260 0.257 0.255
Acetone 0.501 0,474 0.452 0.434 " 0.419 0.407
Methyl Ethyl
Ketone ~0.467 0.441 0.420 0.404 0.391 0.382
Methyl Propyi _ _ '
Ketone : 0.446 - 0.445 0.448  0.433 0.460 0.470
Methy! Butyl .
~ Ketone : 0.489 0.465  0.447 0.433 0.424 0.417
. Acetylacetone 0.835 - 0,596 . 0,567 0.544 0,527 0.514
~ Methylene : ’ - '
Chloride 0.226 0.220 0.216  0.213 90,211 - 0,209
. Chloroform 0.181 0.184 = 0.188 0,192 097 0.202
- 1-Chloropentane 0.417 0.405 0.397 9,391 0,387 0,385
n-Butyronitrile 0.858 0.818 6.783 0,753 - 0,728 0,701

n-Valeronitrile 0.834 0.789 0.75¢ - 0,727 0.706 0.690




TABLE 16. Infinite-Dilution Activity Coefficients ng for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-14LM R-45M

¥

30°C 40°C 50°C 60°C 70°C 80°C

n-Pentane 0.461 0.443 0.429 0.418 0.410 0.404

‘ n-Hexane 0.503 0.485 0.472 0.463 0.457 0.453

n~-Heptane 0.555 0.529 0.510 0.435 0.485 0.478

n-Octane 0.609 0.577 0.553 0.536 0.524 0.516

3-Methylpentane 0.499 0.478 0.461 0.448 0.439 0.432
2,3-Dimethyl~

pentane 0.533 0.510 0.491 0.477 0.467 0.460
3-Methylhexane 0.554 0.530 0.511 0.497 0.487 0.480
3-Methylheptane 0.605 0.576 0.555 0.539 0.528 0.521
1-Hexene 0.406 0.394 0.384 0.378 0.374 0.372
1-Heptene 0.451 0.434 0.422 0.413 0.407 0.404
1-Octene - 0.495 0.475 0.460 0.450 0.443 0.439
Benzene 0,230 0.222 0,217 0.213 0.210 0,209
Toluene 0.243 0.237 0.233 0.231 0.230 0.230
Ethylbenzene - 0,295 0.282 0.273 0.266 0.261 0.259
o-Xylene 0,280 0.268 0.259 0.253 0.248 0.246
p~Xylene 0.279 0.268 0.260 0.255 0.251 0.250
Cyclohexane 0.334 0.320 0.310 0.302 0.296 0.292
Methylcyclo~ _

hexane 0.383 0.368 0.356 0.347 0.341 0.337
Tetrahydrofuran- 0,139 0,139 0.140 0,141 0.143 0.145
Thiophene 0.217 0.210 0.205 0.202 0.199 0.198
Acetone 0.456 0.380 0.363 0.349 0.339 0.330
Methyl Ethyl _

Ketone 0.364 0.348 0.336 0.327 0.320 0.315
Methyl Propyl v

Ketone _ 0.367 0,351 0,340 0.332 0.327 0.324
Methyl Butyl -

.- Ketone 0.382 0.364 0.351 0.341 0.335 0.330
Acetylacetone 0.500 0.469 - 0.445 | 0.427 0.413 0.402
Methylene _

Chloride , 0.178 0.173 0.169 0.166 0.164 0.162
Chlorotorm 0,143 0.145 0.147 0.150 0.153 0.157
1-Chioropentane 0.323 0.314 0.308 0,303 - 0.301 0.300
n-Butyroniteile 0.702 0.649 0.621 0.596 0.574 0.554
n-Valeronitrile 0.666 0.625 0,593 0.568 0.548 0.533
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TABLE 17. Infinite-Dilution Activity Coefficients yen for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-20LM R-45M

2>
30°C 40°C 50°C 80°C 70°C 80°C

n-Pentane 0.426 0.413 0.402 0.395 0.389 0.385
n-Hexane 0.470 0.454 0.442 0.433 0.427 0.424
n~Heptane 0.518 0.499 0.4886 0.475 0.469 0.466
n-Octane 0.569 0.546 0.529 0.518 0.512 0.508
3-Methylpentane 0.467 0.450 0.438 0.429 0.422 0.418
2,3-Dimethyl- .

pentare 0.495 0.478 0.465 0.455 0.449 0.445
3-Methylhexane 0.515 0.497 0.483 0.474 0.4587 0.464
3-Methylheptane 0.566 0.544 0.528 0.518 0.511 0.508
1-Hexene 0.385 0.374 0.367 0.362 0.359 0.358
1-Heptene 0.425 0.413 0.404 0.398 0.395 0.394
1-Octene 0.468 0.452 0.442 0.435 0.432 0.431
Benzene 0.224 0.218 0.213 0.210 0.208 0.207
Toluene 0,240 0.235 0.231 0.228 0.228 0.228
Ethylbenzene 0.287 0.278 0.269 0.263 0.260 0.259
o~Xylene 0.270 0.261 0.254 0.250 0.248 0.247
p-Xylene 0.268 0.261 0.255 0.252 0.251 0.251
Cyclohexane ' 0,312 0.301 0.294 0.288 0.285 0.283
Methyleyelo--

hexane 0.358 0.347 0.339 0.333 0.330 0.328
Tetrahydrofuran 0.136 0.136 0.137 0.138 0.140 0.142
Thiophene 0.217 0.210 0.204 0.200 0,197 0,185
Acetone 0.402 0,376 0.356 0.339 0.325 0.314
Methyl Ethyl

Ketone 0.366 0.349 0.336 0.326 0.318 0.312
Methyl Propyl

Ketone 0.368 0.353 0.342 0.334 0.328 0.325
Methyl Butyl

Ketone 0.383 0.365 0,353 0.344 - 0.337 0.333
Acetylacetone 0.514 0.481 0.456 0.437 0.423 . 0,412
Methylene

Chloride 0.179 0.174 0.170 0.187 0.165 0.163
Chloroform 0.145 0.146 0.148 0.151 0.154 0.157
1-Chloropentane 0.318 0.309 0.302 - 0,298 0.296 0.294
n-Butyronitrile 0.713 0.676 0.644 0.615 0.590 0.568

n-Valeronitrile 0.817 0.653 0.618 0.589 0,567 0.549
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TABLE 18. Replicate Measurement of Activity Coefficxents x‘” for Listed Probe Solutes
at Indicated Temperatures with Poly bd X-20LM R-45M

, 1w
39°C 40°C 50°C 60°C 70°C 80°C
- n-Pentane 0.424 0.412 0.403 0.397 0.393 0.391
- n-Hexane 0.468 0.454 0.444 0.437 0.433 0.431
n-Heptane 0.517 0.500 0.488 0.480 0.475 0.473
n-Octane 0.569 0.548 0.533 0.524 0.519 0.517
3-Methylpentane 0.466 - 0.450 0.438 0.429 0.423 0.419
2,3-Dimethyl-
pentane 0.496 0.478 0.465 0.456 0.449 0.446
3-Methylhexane 0.518 0.499 0.485 0.476 0.469 0.466
3-Methylheptane 0.569 0.547 0.531 - 0.520 0.513 0.509
1-Hexene 0.381 0.373 0.367 0.363 0.361 0.36-2
i-Heptene 0.424 0.413 0.405 0.401 0.399 0.399
1-Octene 0.466 0.454 0.445 0.441 0.440 0.442
Benzene 0.227 0.220 0,215 0.212 0.210 0.209
Toluene 0.243 0,237 0.233 0.231 0.230 0.230
Ethylbenzene 0.296 0.283 0.274 0.267 0.263 0.260
o~-Xylene 0.281 0.269 0.260 0.254 0.250 0.248
p-Xylene 0.276 0.267 0.260 0.256 0.253 0.252
Cyclohexane 0.312 0.302 0.295 0.289 0.286 0.284
Methyleyclo- ‘
hexane 0.358 0.347 0.339 0.334 0.330 0.329
Tetrahydrofuran 0.138 0.139 0.140 0.142 0.144 0.147
Thiophene 0.218 0.211 0.206 0.202 0.199 0.198
Acetone 0.412 0.389 0.371 0.356 0.344 0.335
Methyl Ethyl
Ketone 0.371 0.355 0.342 0.332 0.325 0.320
Methyl Propyl
Ketone 0.374 0.358 0.347 0.339 0.333 0.330
Methyl Butyl
Ketone 0.387 0.370 0.357 0.349 0.343 0.339
Acetylacetone 0.526 0.490 0.463 0.441 0.424 0.412
Methylene
Chloride 0.182 0.177 0.172 0.169 0.166 0.164
Chloroform 0.146 0.148 0.150 0.152 0.155 0.159
1-Chloropentane 0.321 0.311 0,305 0.300 0.298 0.296
»
n-Butyronitrile 0.741 0.698 0.660 0.627 0.598 0.572
n-Valeronitrile 0.704 0.659 0.624 0.596 0.574 0.557
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TABLE 19. Infinite-Dilution Activity Coefflcients x for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-25LM R-45M

3%

30°c 40°C 50°C 60°C 70°C 80°C
n-Pentane , 0.368 0.358 0.351 0.346 0.343 0.341
n—Hexane 0.437 0.413 0.394 0.379 0.387 0.358
n-Heptane 0.449 0.431 0.417 0.407 0.401 0.396
n-Octane 0.492 0.470 0.454 0.443 0.436 0.432
3-Methylpentane -  0.404 0.389 0.378 0.370 0.364 0.360
2,3-Dimethyl-
pentane 0.431 0.414 0.401 0.391 0.385 0.380
3-Methylhexane . 0.447 0.429 0.416 0.407 0.400 0.397
3-Methylheptane 0.491 0.470 0.454 0.443 0.435 0.431
1-Hexene 0.332 0.322 0.315 0.310 0.307 0.306
1-Heptene 0.367 0.355 0.346 0.340 0.337 0.335
1-Octene 0.403 0.388 0.378 0.372 0.368 0.366
Benzene 0.192 0.186 0.182 0.179 0.177 0.176
Toluene 0.205 0.199 0.196 0.194 0.193 0.194
Ethylbenzene 0.248 0.237 0.230 0.224 0.229 0.218
o-Xylene 0.235 0.222 0.218 0.213 0.209 0.208
p-Xylene 0.233 0.225 0.219 0.214 ~0.212 0.210
Cyclohexane 0.270 0.260 0.253 0.248 0.245 0.242
Methyleyclo- :
hexane 0.310 0.299 0.291 0.285 0.281 0.279
Tetrahydrofuran 0.121 0.121 0.122 0.123 0.124 0.126
Thiophene 0.183 0.177 0.173 0.170 0.168 0.187
Acetone 0.344 0.329 0.317 0.307 0.300 0.294
Methyl Ethyl
Ketone 0.315 0.303 0.294 0.287 0.282 0.279
Methyl Propyl
Ketone 0.317 0.306 0.297 . 0.292 0.288 - 0,288
Methyl Butyl
Ketone 0.331 0.317 0.307 0.300 0.296 0.293
Acetylacetone 0.434 0.409 0.391 0.377 0.368 0.358
Methylene
Chloride 0.152 0.148 0.145 0.142 0.140 0.138
Chloroform 0.123 0.124 0.126 0.128 0.131 0.134
1-Chloropentane 0.275 0.266 0.259 0.254 0.251 0.249
n-Butyronitrile 0.612 0.581 0.554 0.530 0.509 0.491
n-Valeronitrile 0.597 0.560 0.531 0.508 0.490 0.476
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TABLE 20. Infinite-Dilution Activity Coefficients x? for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-120HM R-45M

¥
30°C 40°C 50°C 60°C 706°C 80°C

n-Pentane 0.181 0.181 0.182 0.183 0.185 0.188
n-Hexane 0.198 0.197 0.198 0.199 0.202 6.206
n-Heptane 0.217 0.216 0.216 0.217 0.220 0.223
n~-Octane 0.240 0.237 0.238 0.237 0.239 0.243
3-Methylpentane 0.205 0.197 0.191 0.186 0.182 0.180
2,3-Dimethyl-

pentane 0.218 0.209 0.201 0.196 0.192 0.189
3-Methylhexane 0.227 0.217 0.209 0.204 0.290 0.197
3-Methylheptane 0.249 0.237 0.229 0.222 0.218 0.215
1-Hexene 0.160 0.161 0.164 0.167 0.171 0.175
1-Heptene 0.185 0.180 0.177 0.174 0.173 0.173
1-Octene 0.203 0.197 0.193 0.191 0.190 0.190
Benzene 0.0%6 0.094 0.092 0.091 0.090 0.090
Toluene 0,103 0.101 0.099 0.099 0.099 0.099
Ethylbenzene 0.125 0.120 0.117 0.114 0.112 0.112
o-Xylene 0.116 0.112 6.110 0.108 0.107 0.107
p-Xylene 0,306 0.280 0.260 0.245 0.108 0.108
Cyclohexane 0.130 0.130 0.131 0.132 0.134 0.137
Methyleyelo-

hexane 0.150 0.150 0.151 0.152 0.154 © 0.157
Tetrahydrofuran 0.087  0.067 0.068 0.068 0.069 0.071
Thiophene 0.091 0.089 0.087 0.086 0.086 0.086
Acetone 0.181 0.178 0.172 0.170 0.168 0.187
Methyl Ethyl

Ketone 0.172 0.167 0.163 0.161 0.160 0.159
Methyl Propyl
. Ketone 0.174 0.169 0.166 0.164 0.163 0.163
Methyl Butyl

Ketone 0.162 0.168 0.172 0.179 0.186 0.195 -
Acetylacetone 0.230 0.220 0.212 0.207 0.204 0.202
Methylene

Chloride 0.076 0.074 0.074 0.073 0.073 0.073
Chloroform 0.061 0.063 0.064 0.066 0.068 0.070
1-Chloropentane 0.137 0.133 0.131 0.129 0.128 - 0.128
n-Butyronitrile 0.320 0.310 0.300 0.292 0.285 ¢.279
n-Valeronitrile 0.307 0.295 0.286 0.279 0,274 0.271
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TABLE 21, Gibbs Free Energies of Solution -AG_/kJ mol™! for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-10LM R~45M

-Aﬁs /kJ mot~!

_ 30°C 40°C 50°C 60°C 70°C 80°C
n~Pentane 9.68 9.17 8.67 8.16 7.68 7.16
n-Hexane 12,38 11,81 11.24 10.67 10.10. 9.54
n-Heptane 15.04 14.41 13.78 13.16 12,53 11,91
n-Octane 17.66 16.97 16.28 15.60 14,91 14,23
3~-Methyipentane 11.89 11.35 10.82 10.29 9.76 9.23
2,3-Dimethyl- '
pentane 14,25 13.65 13.06 12.47 11.88 11.30
3-Methylhexane 1435 13,75 13,14 12.54 11,94 11,35
3-Methylheptane 16,91 16.24 15.57 14.90 - 14,24 13.58
1-Hexene 12,38 11.81 11,24 10.67 10.10 9.54
- 1-Heptene 15.05 14.43 13.82 13.20 12,59 11,98
1-Octene 17.67 16.99 16.31 15.63 14,96 14.29
Benzene 15.52 14,94 14,37 13.80 13.23 12,87
Toluene 18,27 17.64 17.02 16.40 15.78 15.16
Ethylbenzene 20.48 19.83 19,18 18.53 17.89 17.24
0~-Xylene - 21.47 20.81 20.16 19,51 18.86 18,21
p-Xylene 20,81 20,15 - 19,50 = 18.85 18,20 17.55
Cyclohexane 14.49 13.95 13.40 12,86 112,32 - 11,79
Methyleyelo-
hexane 15.95 15.38 14.81 14,24 13.87 13.11
Tetrahydrofuran 15.51 14,93 14,35 13.77 13.19 12.62
Thiophene 16.06 15.48 14,91 14,34 13.78 13.21
Acetone 11,97 11.43 10.89 10.35 9.82 9.28
Methyl Ethyl
Ketone 14,45 13.88 13.31 12,74 12,18 11,62
Methyl Propyl
Ketone 16.86 16,11 15.36 14.62 13.87 13.13
Methyl Butyl
Ketone 19,36 18.67 17.98 17.29 16.61 15.92
Acetylacetone 19.29 18.64 17.99 17.34 16.69 - 16.05
Methylene
Chloride 12,39 11.84 11.30 10.75 10.21 9.87
Chloroform 14,98 14.37 13.76 13.18 12,55 11,95
1-Chloropentane 17.35 16,70 16.05 15.40 14,75 14,11
n-Butyronitrile 16.54 15.90 15.26 14.63 . 14,00 13.37
n-Valeronitrile 19.17 18.47 1.7 17.07 16.38 15.69
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TABLE 23, Gibbs Free Energies of Solution -AG/kJ mol™! for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-14LM R-45§I

-AGS /kJ mol ™!

30°C 40°C 50°C 60°C 70°C 80°C
n~Pentane 9.51 9,17 8.49 7.99 7.48 6.98
n-Hexane 12.26 11,67 11.08 10.49 9.91 9.32
n-Heptane 14,93 14,29 13.66 13.03 12.41 11.78
n-Cctane 17.58 16.89 16.20 15.51 14.82 14.14
3-Methylpentane 11.74 11.19 10.65 10.11 9,57 9.03
2,3-Dimethyl-
pentane 14.04 13.45 12.86 12,27 11.69 11.10
3-Methylhexane 14,21 13.60 12,99 12.38 11.77 11.17
3-Methylheptane 16,78 - 16.11 15.44 14,77 14,10 13.43
1-Hexene 12.29 11,72 11.15 10.58 10.02 9.46
1-Heptene 14.94 14.32 13.69 13.08 12.46 11.84
1-Octene 17.58 16.89 16.21 15.53 14.85 14.17
Benzene 15.35 14.79 14.22 13.66 13.10 12.54
Toluene ~ 18,17 17.53 16.90 16.28 15.65 15.03
Ethylbenzene 20.36 16.71 19,06 18.41 17.77 17.12
o-Xylenc 21.39 20.72 20,06 19.40 18.75 18.09
p-Xylene 20,71 20.05 - 19.39 18.74 18.08 17.43
Cyclohexane | 14.36 13.81 13.27 12.72 '12.18 11.64
Methyleyeio-
hexane 15.85 15,27 14.69 14,11 13.54 12,97
Tetrahydrofuran 15.31 14.71 14,11 13.51 12.92 12.33
Thiophene 15,93 15.34 14,77 14.19 13.62 13.04
Acetone 11,76 11.20 10.64 10.09 - 9.54 8.39
Methyl Ethyl
Ketone 14.30 13.69 - 13.08 12.47 11.87 11,27
Methyl Propy!
Ketone 16.58 15,92 15.27 14.61 13.96 13.31
Methyl Butyl
Ketone 19.20 18.49 17,79 17.09 16,33 15.70
Acetylacetone 16.11 18.46 17.80 17.15 16.50 15.86
~ Methylene
Chloride 12.21 11.66 11.12 10.58 10.04 9,51
Chloroform 14.80 14,19 13.59 12.99 12,39 11,79
n-Butyronitrile 16.27 15.69 15.06 14.42 13.78 13.15
n-Valeronitrile 18.95 18,27 17.58 16.90 15,22 15.54
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TABLE %5. Gibbs Free Energies of Solution -Af./kJ mol™! for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-20LM R-45%

-AGg/kJ mor™l

30°C 40°C 50°C 60°C 70°C 80°C

n-Pentane 9.84 9.32 8.80 8.29 7.78 7.27
n-Hexane 12.56 11,97 11.39 10.82 10.24 9.67
n-Heptane 15,23 14.58 13,93 13.29 12.65 12,01
n-Octane 17.88 17,17 16.45 15.74 15.04 14.33
3-Methylpentane 12,04 11.48 10.92 10.37 9.82 9,27
2,3-Dimethyl-

pentane 14.35 13,75 13.14 12,54 11.94 11.35
3-Methylhexane 14,52 13.89 13.27 12.65 12,03 11,42
3-Methylheptane 17.08 16.39 15.70 15.02 14.33 13.65
1-Hexene 12,55 11,98 11.41 10.84 10.28 9.71
1-Heptene 15.22 14,58 13.95 - 13.32 12.69 12,06
1-Octene 17.85 17.15 16.45 15.76 15.06 14.37
Benzene 15.54 14,97 14.40 13.84 13.28 12,72
Toluene 18.33 17,70 17.07 16.44 15.82 15.20
Ethylbenzene 20.56 19.90 19,24 18.58 17.92 17.27
o-Xylene 21.60 20,92 20,24 . 19.56 18.89 18.22
p~Xylene 20.93 - 20.26 19,58 18.91 18,23 17.56
Cyclohexﬁne 14.67 14,10 13.54 12.98 12.43 11.87
Methyleyelo- :

hexane 16.15 15.55 14.96 14,37 13.78 13.19
Tetrahydrofuran 15.49 14,89 14,30 13.71 13.13 12.54
Thiophene 16.04 15.48 14.91 14,35 13.80 13.24
Acetone 11.89 11.35 10.83 10,31 9.80 9.28
Methyl Ethyl ) :

Ketone 14.41 13.81 13,22 12,62 12.03 11.45
Methyl Propyl

Ketone 16.70 16.04 15.39 14.74 14.09 13.45
Methyl Butyl

Ketone 19,32 18.62 17,91 17,21 16,51 15.82
Acetylacetone 19,17 18,52 17.87 17.23 16.58 15.94
Methylene

Chloride 12,33 11,78 11.24 10.71 10,17 9.64
Chloroform 14,89 14,30 13.70 13.11 12,52 11.93
1-Chloropentane 17.39 16,73 16.08 15.43 14,78 14,13
n-Butyronitrile 16,35 15,72 15.09 14.47 13.84 13,22
n-Valeronitrile 18.96 18,29 17.61 16,94 16,26 15.60
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TABLE 24, Replicate Measurement of Gibbs Free Energies of Solution -Aa /kJ mol"1 for
Listed Probe Solutes at Indicated Temperatures with Poly bd X-20LM R-4;5MS

-AGg/kJ mol™

30°Cc 40°C 50°C 60°C 70°C 80°C

n-Pentane 9.85 9.32 8.80 8.27 7.75 7.23
n-Hexane 12.57 11,97 11,38 10.79 10.20 9.62
n-Heptane 15.23 14.57 13.92 13.26 12.61 11.96
n-Octane 17.88 17.16 16.43 15.71 15.00 14.28
3-Methylpentane 12.04 11.48 10,92 10.37 9.81 9.26
2,3-Dimethyl-

pentane 14.35 13,75 13.14 12.54 11.94 11,34
3-Methylhexane 14,51 13.88 13.26 12.64 12.02 11.40
3-Methylheptane 17.07 16,38 15.69 15.01 14,32 13.64
1-Hexene 12.58 11,99 11.41 10.84 10.26 9.69
1-Heptene 15,22 14,58 -13.94 13.30 12,66 12.02
1-Octene 17.86 17.14 16.43 15,72 15,01 14.30
Benzene 15.51 14,94 14,38 13.81 13.25 12.69
Toluene 18.30 17.87 17.04 16.42 15.79 15.17
Ethylbenzene 20.48 19.83 19.18 18.54 17.90 17.26
o~Xylene 21,51 20.84 20,18 19.52 18.87 18,21
p=-Xylene 20.86 . 20.19 19.53 18.87 18.21 17.55
Cyclohexane 14.66 14.10 13.54 12.98 12.42 11.86
Methyleyelo-

hexane 16.14 15.55 - 14,95 14.36 13,77 13.18
Tetrahydrofuran 15.45 14,85 14.24 13.64 13.04 12.45
Thiophene 16.03 15.46 14.89 14,33 13.76 13.20
Acetone 11.81 11.27 10,72 10.17 9.63 9.09
Methyl Ethyl

Ketone 14,37 13.77 13,17 12.57 11.97 11.37
Methyl Propyl

Ketone 16.66 16,01 15.35 14.70 14.05 13.40
Methyl Butyl

Ketone 19.30 18.59 17.88 17.17 16.47 15.77
Acetylacetone 19.11 18.47 17.83 17,20 16.57 15.94
Methylene

Chioride 12,28 11.74 11.21 10.68 10,15 9.62
Chloroform 14.87 14,27 13.67 13.08 12.49 11,90
1-Chloropentane 17.37 16.71 16.06 15.41 . 14,76 14,12
n-Butyronitrile 16.25 15.64 15.03 14.41 13.81 13,20

n-Valeronitrile 18.94 18.26 17.58 16,90 16.23 15.56
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TABLE 83, Gibbs Free Energies of Solution -AG_/kJ mol™! for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-25LM R-45%

-AGg/kJ mol™l
30°C 40°C 50°C 60°C 70°C 80°C

n-Pentane 9.73 9,20 8.66 8.13 7.60 7.08
n-Hexane 12,27 11,73 11,12 10.66 10,13 9.60
n-Heptane 15.11 14,47 13.83 13.19 12,56 11,93
n-Octane 17.77 17.07 16.36 15.66 14,95 14.26
3-Methylpentane 11,93 11,37 10.81 10.26 9,70 9.15
2,3-Dimethyl- .

pentane 14,23 13.63 13.04 12,44 11.85 11.26
3-Methylhexane 14,41 13.79 13.17 12.55 11,94 11.32
3-Methylheptane 16,97 16.29 15.61 14,93 14,25 13.58
1-Hexene 12.45 11,88 11.31 10,75 10.19 9.63
1-Heptene 15.12 14.49 13.86 13.23 12.60 11,98
1-Octene 17.75 17.06 16.36 15.67 14.98 14.30
Benzene 15,46 14.89 14,33 13.76 13.20 12.64
Toluene 18.26 17.63 17.00 16.37 15,75 15.13
Ethylbenzene 20.46 19.81 19.15 18.51 17.86 17.21
o-Xylene 21.48 20.86 20.15 19.50 18,84 18.18
p-Xylene . 20.81 20.15 19.50 18.84 18.18 1783
Cyclohexane 14.55 13.99 13.44 12.88 12.33 11.78
Methyleyelo-

hexane 16.04 - 15.45 14.86 14,23 13.89 13.11
Tetrahydrofuran 15.30 14,71 14.11 ©13.52 12.93 12,34
Thiophene 16,01 15.43 14.86 14,29 13.72 13.15
Acetone 11,79 11,21 10.64 10,06 9.49 8.92
Methyl Ethyl

Ketone 14.31 13.69 13.07 12.45 11.83 11.22
Methyl Propyl

Ketone 16.60 15.93 15.26 14.59 13.93 13,27
Methyl Butyl

Ketone 19,22 18,50 17.78 17.06 - 16.35 15.64
Acetylacetone 19.12 18.45 17.78 17.12 16.45 15.79
Methylene

Chloride 12.26 11,1 1117 10.63 10,10 9.56
Chlorcform 14,84 14,24 13.64 13.04 12,44 11.85
1-Chloropentane 17.28 16.64 15,99 - 1535 141 14,08
n-Butyronitrile 16.26 15.63 14.99 14.36 13.73 13.10

n-Valeronitrile 18.88 18.19 17.51 16.83 16.15 15.47

L]
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TABLE 26. Gibbs Free Energies of Solution -AG /kJ mol™! for Listed Probe Solutes at
Indicated Temperatures with Poly bd X-120HM R~43M

-AGg/kJ mol~l

30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 9.73 9.13 8.52 7.93 7.33 6.73
n-Hexane 12.48 11.81 11.14 10.47 9.81 9.15
n-Heptane 15.15 14.42 13.69 12.97 12,24 11.52
n-Octane 17.79 16.70 16.21 15.42 14,64 13.86
3-Methylpentane 11.85 - 11,29 10.74 10.20 9.65 9.11
2,3=-Dimethyl-
pentane 14.16 13.57 12,98 12.39 11.80 11,22
3-Methylhexane 14.32 13,71 13.10 12.50 11.89 11,29
3-Methylheptane 16.88 16.21 15.54 14.87 14,20 13.54
1-Heptene 15.05 14.40 13.78 13.11 12,48 11.84
1-Octene 17.69 16,98 16.28 15.55 14.84 14.14
Benzene 15.41 14,82 14.24 13.67 13.09 12,52
Toluene 18.20 17.56 16.91 16,28 15.64 15.00
Ethylbenzene 20.39 19.73 19.06 18.41 17.75 17.09
oL ylens 21.47 20,78 20.09 19.41 18,73 18,05
p~Xyle\‘ie 20.80 20,12 19.43 18,75 18.07 17.39
Cyclohexane 14,60 1395  13.30 12.66 1200 1137
Methylayelo-
hesane : 1_.6.07 15.40 14.72 14,05 13.38 127
Tetrahydrofuran 15,01 14.39 13.78 13.17 12.56 11.95
_ Thioshene 15.97 15.37 14,18 14.19 13.60 13.01
Avetone ] 11.83 11.00 10,36 9.7¢ N 8.49
Methyl Bthyi _
- HKetone 14.06 13.39 12.74 12.08 11.43 10.78
- -Methyl Propyl _
Raotone o 1632 15.62 14,92 14,22 13.52 12.82
Methyl Butyl _
- "Ketone g 19.23 18.33 17.43 16.53 15.64 14.75
. -Acstylacetone 18.93 - 18.22 17.51 16.80 16.10 15.39
“Methylene ' _
- {hloride 12.23 - 11,65 11.07 10.50 2,93 2.36
S CGhloroforn 14,80 14.17 13.54 12,90 12,28 11.65
: f.l-Chloropentane 124 - . 18,58 15.91 15.25 14.60 13.94
n-Butyroniteile 16,10 15.41 14,72 14.04 13.35 12.87

n-Valeronitrile 18,71 18.01 17.23 16.52 15.78 15.03
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TABLE 27. Entropies of Solution AS_/e.u. for Listed Probe Solutes at Indicated
Temperatures with Poly bd X-10LM R-45MF .

A§S/e.u.
30°C 40°C 50°C 66°C 70°C 80°C
n-Pentane 38.15 37.95 37.75 37.55 37.35 37.20
n-Hexane 44,65 44,45 44,25 44.05 43.85 43.65
n-Heptane 50.25 50.05 49,85 49.65 49.45 49,25
n=-Octane 56,35 56.10 55.90 55,70 55.55 55.35
3~Methylpentane 40,95 40.75 40.55 40.35 40.15 39.95
2,3-Dimethyl- '
pentane 46.75 46,50 46.30 46.10 45.90 45.75
3-Methylhexane 47.90 47,70 - 47.50 47.30 47.10 46,95
3-Methylheptane 54.30 54.10 53.90 53.70 53.50 53.35
1-Hexene - 44.65 44,45 44,25 .. 44,05 43.85 . 43.65
1-Heptene . 49.25 49.00 48,80 - 48.60 48.45 48,25
1-Octene 55.30 5510 = 54.90 54.70 54.50 54.35
Benzene 44.70 44.50 44,30 44.10 - 43,90 43.70
Toluene 49.80 49.60 49,40 49.20 49.00 48,85
Ethylbenzene 52.55 52.35 52.15 51.95 8175 . 81.6%
o~-Xylene . 53.00 52.75 82,55 5235 52.20 - 52.00
p-Xylene §3.00 92.80 - 52.5% 52.35 - 52.20 52.00
Cyclohexane 41.85 41,65 43.45 41.25 41.05 ;40.90
Methyleyelo~
hexane ‘ 44.65 4.4 44.20 - 44.00 43.85 43.65
Tetrahydrofuran 45.55 45.35 ' £5.15 44.95 44,75 44.60
Thiophene 44.65 44.45 44,25 44.05 43.85 43.70
" Acetone 41.60 4135 41.15 41.95 40,75 40.80
- Methyl Ethyl
"~ Ketone 44.30 - 44,10 43.90 43,70 43.50 43.35
Methyl Propyl , : _
Ketone - 62.55 62.30 62.10 - 61,90 61.75 61.55.
Methyl Butyl - : : ,
Ketone 56.40 - §6.,20 56.00 55.80 - 55.80 55.45
" Acetylacetone 52.60 ) §2.40  52.20 200 - 51.80 51.65
Methylene _ ‘
Chlovide 42.25 42,05 41.8% 41.65 §1.45 41.25
~ Chloroform - 48,35 48.10 . 47.90 . 41,79 47.58 47,35
1-Chloropentane 52.65 52.45 52.25 52.05 81.85 51.70
" n-Butyronitrile 51.10 50.90 5070 50.50 50.30 50.10
n-Valeronitrile 57.35 5745 56,95 56.75 96.55 56.35
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i E
L “TABLE 28. Entropies of Solution AS/e.. for Listed Probe Solutes at Indicated
“ .. :Temperatures with Poly bd X-14LM R-45
' oL 3¢ _40°c_ _se°C 80°C 79°C 80°C
% p-Pentare - 38.30 3810  37.90 37.70 3750  37.30
° .+ " n-Hexane S 48.50 . 46.30 48.10 45.90 45.70 45,50
n-Heptane . 50.65 50.45 5025 50.05 49.85  49.65
- 'n=Octane 56.65 56.45 = 56.25 56.05 55.85 35.65
- ;3-Methylpentane 42,60 41.80 41,60 41.40 41.20 41.00
*-2,3-Dimethyl- -
¢ : . pentane 46,45 46,20 48.00 45.80 45.60 45.45
8 R 3-Methylhexane - 48,50 48.30 48.10 47.90 47.70 47.55
) 3-Methylheptane - 54.80 54.60 54.40 54.20 54.00 53.85
1 1-Hexene 44,30 44.05 43,85 43,65 43.45 - 43,30
. . 1-Heptene 49,80 49,60 49.40 49.20 49.00 49.85
~ 1-Octene 55.90 55.70 55.50 55.30 55.10 54.90
o g :
s . Benzene 43.90 4370 43.50 43.30 43.10  42.90

i Toluene ~ 50.50 50.30 50.10 49.90 49,70 49.50

. Ethylbenzene 52.55 92.30 52.10 51.90 51.70 51,55

' o-Xylene 53.70 53.50 53.30 33.10 52.90 52.70
p-Xylene - 33.30 53.10 52.90 52.70 52.50 52.35
Cyclohexane 42,35 . 42.10 41.90 41,70 41.50 41.35

Methyleyelo-

K hexane 45.35 45.15 44.95 44.75 44.55 44.40
- Tetrahydrofuran ~  47.25  47.05  46.85 46,65 46.45  46.25
N Thiophene - 45.40 45.20 45.00 44.75 44.55 44.40

A } . ) A :
; Acetone ’ - 43.200 43.00 - 42.80 42.60 42.40 42.25
Methyl Ethyl T |
Ketone 48,30 48.10 47.90 47.70 47.50 47.30
Methyl Propyl ‘
~ . Ketone 53.10 52.90 52,70 52,50 52.30 52,10
Methyl Butyl : ~ \
Ketone 57.80 57.55 57,35 87.15 96,95 96,80
Acetylacetone 52.80 52.60 52.40 52,20 - 52,00 51.85
. Methylene
v Chloride 41.75 41.55 41.35 41,15 . 40,95 40.75
.- Chloroform 47,90 47.70 47.80 47.30 47.10 46.90
1-Chloropentane - 53.45 53.25 53.05 - 52.85 52.65 52.45
n~Butyronitrile 5045 50,10 . 49.90 49,75 49.55 49.40

n-Valeronitrile - 56,05 - 55.80  55.60 99.40 55.26 - 95,06
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TABLE 29. Entropies of Solution AS_/e.u. for Listed Probe Solutes at Indicated
Temperatures with Poly bd X-20LM R-451V? '

ASS/eQUc
30°C 40°C 50°C - 80°C 70°C 80°C
n-Pentane 39,10 38.90 38.70 38.50 38.30 38.10
n-Hexane 45,50 45.30 45.10 44,90 44,70 44.50
n-Heptane 52,10 51,90 51.70 51.50 51.30 51.10
n~QOctane 58.75 58.50 58.30 58.10 57.95 57.75
3-Methylpentane 42,95 42.75 42.55 42.35. 42,15 42,00

-2,3-Dimethyl-
pentane 47.80 47.60 47.40 47.20 47.00 46.80
3-Methylhexane 49.80 49.60 49.35 49,15 49,00 43.80
3-Methylheptane 56.30 56.10 55.90 55.70 55.50 55,30
1-Hexene 44,45 44.25 44,00 43.80 43,65 43.45

- 1~-Heptene 50.80 50.60 50.40 50,20 50.00 49.80
1-Octene 57.25 57.05 56.80 56.60 56,45 56,25
Benzene 44.10 43.90 43,65 43.45 43.30 43.10
Toluene 50,20 50.00 49,75 49.55 49,40 49,20
Ethylbenzene 53.55 53,35 53.15 52.95 52.75 52.55
o~Xylene 55.45 55,25 55.05 54,85 54,65 54.45
p-Xylene N 55.10 54,90 54.65 54.45 54,30 54.10
Cyclohexane . 43.50 43.30 43.10 42,90 42,70 42.50

. Methyleyclo- = - .

" hexane " 46,85 46,60 46.40 ~- 46,20 46,05 45,85
Tetrahydrofuran = 46.60 46.40 - 46.20  46.00 - 45.80  45.60
Thiophene .. 43.80 ~ 43.55 43,35 4315 42,95  -42.80
Acetone 39.60  39.40  38.%0 39.00 38.80 38,60
Methyl Ethyl S : L o .
Ketone 46,90 46.70 46.45 - 48,25 - 46,0 45.90
Methyl Propyl: _ : :

. Ketone 52,65 52,45 - 52,20 52,00 51,85 51,65

- Methyl Butyl : , ,
Ketone CERIS 57,55 57.35 . 8745 O 58.9% 58,75
Acetylacetone 52,30 $2.10 - 5190 5170 5150 51.30
Methylene = : » .

Chloride ’ 41,45 4125 41.05 40,85 . 40.85 | 40.45
Chloroform 47.05 46,85 46.60 48.45 48,25 46,04
1-Chlovopantane 52,75 52.55 52,85 5215 51,03 51,89
n-Butyronitrite 50.30 50.05 49.85 49.65 49.45 49,30

n-Valeronitrile 95.05 54.80 54.60 54.40 54.25 34,08

.
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TABLE 39. Replicate Measurement of Entropies of Solution A§S/e.u. for Listed Probe
Solutes at Indicated Temperatures with Poly bd X-20LM R-45M

Ass/eout
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 40.15 39.95 39.75 39.55 39.35 39.15
. n-Hexane 46.75 46.55 46,30 46,10 45,95 45,75
n-Heptane 53.10 52.90 52.70 52.50 52.30 52.10
n-Octane 59.70 59.45 59.25 59.05 58.85 58.70
3-Methylpentane 43.25 43.00 42,80 42,60 42,40 42,25
2,3-Dimethyl-
pentane 47,90 47,685 47.45 47,25 47.05 46,90
3-Methylhexane 49.80 49,60 49.35 49,20 49.00 48.80
3-Methylheptane 56.20 55.95 55.75 55.55 55.35 55.20
1-Hexene 45.45 45.25 45.00 44,85 44,65 44,45
1-Heptene 51,75 51.55 51,35 51,15 50,95 50.75
1-Octene 58.80 58.60 58.40 58.20 58.00 57.80
Benzene 44.05 43.85 43.60 43.40 43,25 43,05
Toluene 50.25 50.00 49.80 49,60 49.45 49.25
Ethylbenzene 52.15 51.95 51,75 51,55 51,35 51,15
o-Xylene 53.60 53.40 53.20 53.00 52.80 52,60
p-Xylene 53.90 53.65 53.45 53.25 - 53.05 52,90
Cyclohéxane 43.75 43.50 43.30 43.10 42,95 42.75
Methyleyelo~-
hexane 46.90 46.70 46.50 46,30 46.10 45.90
Tetrahydrofuran 47.80 47.60 47.40 47.20 47.00 46.80
Thiophene 44.30 44.10 43.90 43.70 43.50 43.30
Acetone 42.10 41.90 41.70 41.50 41.30 41.15
Methyl Ethyl
Ketone 47.65 47.45. 47.20 47,00 46.85 46.65
Methyl Propyl
Ketone 92,85 52.60 52.40 52,20 52.00 51,85
-Methy! Butyl 4
Ketone 58.25 58,05 57.85 57.65 57.45 57.25
Acetylacetone 51.10 50.90 §0.65 50,45 50,30 50,10
: Methylene :
. Chloride 40.80 40.60 40.40 40.20 40,00 39.80
Chloroform 46.90 © 46,70 © 46.50 46,30 46,10 45.90
. 1-Chloropeatane §2.70 52.60 52.30 52.10 51.90 51.70
’ n-Butyronitrile 48.80 48.55 48,35  48.15 47,95 47.80

n=Valeronitrile 59.35 - 55.15 54.95 94.75 94,55 54.35
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TABLE 31. Entropies. of Solution AS_/e.u. for Listed Probe Solutes at Indicated
Temperatures with Poly bd X-25LM R-45 ) '

ASS/eou.
30°C 40°C 50°C 60°C 70°C 80°C

n-Pentane 40.80 40.60 40,35 40,15 40.00 39.80
n-Hexane 40,95 40.75 40.50 40.30 40.15 39.95
n-Heptane 51.40 51.20 51.00 50.80 50.60 50,40
n-Octane 58.00 57.75 §7.55 57.35 57.15 57.00
3-Methylpentane 43.10 42.90 42,70 42.50 42.30 42.10
2,3-Dimethyl-

pentane 47,20 47.00 46.75 46.55 46.40 46.20
3-Methylhexane 49.30 46,10 48.90 48.70 48.50 48.30
3-Methylheptane 55.30 §5.10 54.90 54,70 54.50 54.30
1-Hexene 44,05 43.80 43.60 43.40 43.20 43,05
1-Heptene 50.30 50.10 49,90 49.70 49.50 49,30
1-Octene 56.70 56.50 56.30 56.10 55,90 55.70
Benzene 44,15 43.90 43.70 43.50 43.30 43.15
Toluene 50.25 50.05 49.85 49.65 49.45 49,25
Ethylbenzene 52,55 52.35 52.15 51.95 51,75 51,55
o-Xylene 54,10 53.75 53.65 = 53.45 53.25 53.05
p-Xylene 53.35 53.15 52.95 52.75 52,55 52.35
Cyclohexane 43.20 43.00 42.80 42.60 42,40 42,20
Methyleyclo-

hexane 46.15 45.95 45.75 45.55 45.35 45.15
Tetrahydrofuran 46.95 46,70 46,50 46.30 46.10 45.95
Thiophene 44.85 44,65 44.45 44.25 44,05 43.85
Acetone 45.10 44.90 44,70 44,50 44,30 44.10
Methyl Ethyl

Ketone 49.50 - 49,30 49.10 48,90 48.70 48.50
Methyl Propyl

Ketone 54.30 54.05 53.85 53.65 53.45  53.30
Methyl Butyl

Ketone 59.15 58.90 58,70 58,50 58.30 58.15
Acetylacetone 54.20 54.00 53.80 53.60 53.40 53.20
Methylene

Chloride 41.45 41,25 41.05 40.85 40.65 40.45
Chloroform 47.55 47.35 47.15 46.95 46.75 46.55
1-Chloropentane 51,70 51.50 51.30 §1.10 50.90 50.70
n-Butyronitrile 50.90 50.65 50.45 50.25 50.05 49.90
n-Valeronitrile 95.95 85,75 96.55 95,35 55.15 94.95
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TABLE 32. Entropies of Solution AS_/e.u. for Listed Probe Solutes at Indicated
Temperatures with Poly bd X-120HM R-45M

ASg/e.u.
30°C 40°C 50°C 60°C ~70°C 80°C
n-Pentane 47.65 47.45 47,25 47.05 46.85 46.685
. n-Hexane 54.30 54,10 53.90 53.70 53.50 53.30
n-Heptane 60.40 60.15 59.95 59.75 59.55 59.40
n-Octane 66.35 . 66.10 65.90 65.70 65.50 65.35
3-Methylpentane 42.50 42.25 42.05 41.85 41.65 41.50
2,3-Dimethyl-
pentane 46.45 46.25 46.05 45.85 45,65 45.45
3-Methylhexane 48.45 48,25 48,05 47.85 47,65 47.45
3-Methylheptane - 54,70 54.50 54.30 54.10 53.90 53.70
1-Hexene 54.10 53.90 53.70 53.50 53.30 53.10
1-Heptene 51.85 51,85 51.45 51.25 51,05 50.85
1-Octene 58.75 58.55 58.35 58.15 57.95 57.80
Benzene 45.45 45.25 45.00 44.85 44,65 44.45
Toluene 51.65 51.45 51,25 51.05 50,85 50.65
Ethylbenzene 53.60 53.40 53.20 53.00 52.80 52.65
o-Xylene 56,10 55.90 55.65 55.45 55.30 55.10
p~-Xylene 55.95 55.70 55.50 55.30 55.15 54,95
Cyclohexane 52,25 52.05 51.85 51.65 51.45 51.25
Methylcyeclo~
-hexane 55.05 54.85 54.65 54.45 54.25 54.05
Tetrahydrofuran 48.85 48.65 48.40 48,20 48,05 47.85
Thiophene 46.85 46.65 46.45 46,25 46,05 45.85
Acetone 50.60 50.40 50.20 50.00 49.80 49,60
Methyl Ethyl
Ketone 53.10 52.90 52.70 52.50 52.30 52.10
Methyl Propyl
Ketone 57.65 57.45 57.25 57.05 56.85 56.65
Methyl Butyl
Ketone 77.20 77.00 76.80 76.60 76.40 76.20
Acetylacetone 58.5% 58,35 58.15 57.95 57.75 57.58
Methylene
Chloride 45,20 45.00 44.80 44.60 44.40 44.20
Chloroform 50.65 50.45 50.25 50.05 49.85 49.65
1-Chloropentane 53.80 53.60 53.40 53.20 53.00 52.80
n-Butyronitrile 56.30 56.10 55.90 55.70 55.50 55.30
n~Valeronitrile 62.35 62.15 61.95 61,75 61.55 61.38

45




TABLE 33. Enthalpies of Solution -Aﬁs/kJ mol~l for Listed Probe Solutes with Indicated

Lots of Poly bd R-45M
-AHg /kJ mol™!
10LM 14LM 20LM/1 20LM/2 25LM 120HM )

n-Pentane 25.20 25.08 25.68 25.99 26.08 28.12
n-Hexane 29.87 30.31 30.32 30.71 28.66 32.88 .
n-Heptane 34.22 34,23 34,98 35.30 34,68 37.40
n-Octane 38.69 38.71 39.65 39.94 39.33 41.84
3-Methylpentane =~ 28.26 28.43 29.03 29.11 28.98 28.66
2,3-Dimethyl-

pentane 32.36 32.07 32.81 32.83 32.52 32.18
3-Methylhexane 32.83 32.87 33.58 33.57 33.34 32,95
3-Methylheptane, 37.33 37.36 38.12 38.07 37.72 37.41
1-Hexene 29.87 29.66 29.99 30.32 29.78 32.84
1-Heptene 33.93 34.00 34,58 34.88 34.35 34.M
1-Octene 38.39 38.47 39.17 39.65 38.92 39.45
Benzene 33.02 32.61 32.87 32,83 32,82 33.12
Toluene 37.32 37.43 37.51 37.49 37.48 37.80
Ethylbenzene 40,37 40,24 40.76 40.26 40.38 40.58
o-Xylene 41.49 41.62 42.38 41,73 41,86 42,41
p~Xylene 40,83 40.83 41.60 41.16 40.97 41.70
Cyclohexane 31.14 31.15 31.82 31.89 31.63 34.38
Methyleyelo- _

hexane 33.44  33.55 34.31 34.33 34,01 36.70
Tetrahydrofuran 33.28 33.59 33.58 33.91 33.51 33.75
Thiophene 33.56 33.63 33.28 33.43 33.59 34.12
Acetone 28.53 28.81 27.85 28.55 29.45 30.91
Methyl Ethyl

Ketone 31.83 32.90 32.59 32.78 33,30 34,09
Methyl Propyl

Ketone 39.77 36.63 36.62 36.64 37.04 37.74
Methyl Butyl

Ketone 40.41 40.87 40.80 40.92 41.12 46.57
Acetylacetone 39.19 39.08 39.00 38.56 39.54 40.62
Methylene

Chloride 29,18 28.82 28.86 28.61 28.81 29.87
Chloroform 33.58 33.28 33.12 33.05 33.24 34.10
1-Chloropentane 31,27 37.38 37.35 37.31 36.94 37.49
n-Butyronitrile 35,98 35.52 35.56 35.01 35.67 - 37.11 )
n-Valeronitrile 40,51 39.90 39.61 39.69 39.83 41.61
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FIGURE 4. Plot of amounts extracted from ARCO X-25LI4 by solvent solution with IPA

+ benzene as a function of fraction number,
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Specific Retention Vol.: uies with Fractionated R-45M

The gas-chromatographic specific retention volumes, and van't Hoff slopes, inter-
cepts, and least~-squares correlation coefficients of all probe-solutes with each of the
fractions of X-25LM at 30-80°C, are presented in Tables 34-51.

Data Interpretation

At this point the specific retention volumes, V§/em® g~1, and retention Indices, I,
of a bank of roughly 30 probe-solutes had been determined with bulk and fractionated
polybutadiene and hydroxy-terminated polybutadiene R-45M, including several well-
characterized lots of the latter. However, and while some general trends could be
identified in the data, no firm correlations had thus far been drawn between the
retentions of the probe-solutes and the properties (particularly the molecular weights) of
R-45M stationary phases.

We therefore evaluated at this point the retentions of representative probe-solutes
as a function of the number-average molecular weights, M, of the ARCO lots of R~
45M. In doing so, a new technique was employed for screening for compounds whose
molar specific retention volumes, V3'/em3 mol~1, reflect the stationary phase molar
mass. Modes of regression ~of the conventional-form specific retention
volumes, V2/em? g"l, of promising solutes were then regressed directly against Mp, as
well as ié inverse. Linear nomographs resulting from the latter (least-squares
correlation coefficients r of in excess of 0.9999) were then used to caleulate the number-
average molecular weights of several fractions of R-45M that were obtained by solvent
extraction. The considerable success of the technique, coupled with the ease with which
it was implemented, indicated that inverse gas chromatography can also be applied to
other prepolymer species as well,

Molar Specific Retention Volumes. The V' of the representative solutes n-hexane,
J-methylhexane, 1l-hexene, cyclohexane, berzene, tetrahydrofuran, l-chloropenteme'g
thiophene, acetone, chloroform, and valeronitrile with the ARCO lots of R-45M at 30
and 50°C are provided in Table 52. A quick assessment of the extent to which the solute
retentions reflect the stationary phase molecular weight can be made by glancing
through the molar specific retention volumes obtained with 14LM (14206 Da) and 20LM
(1350 Da): since the molecular weight of 20LM is less than 14L.M, the molar retentions of.
the solutes should be larger with the latter stationary phase. The data for the first seven
solutes, Table 52.A, fail to exhibit this trend, and all of the Vg' with 20LM are higher
than those with 14LM. These compounds {including, somewhat Surprisingly, the alkanes)
must therefore be said to be poor probes of the solvent molecular weight. In contrast,
the last four solutes, Table 52.B, precisely reflect the Mp of the stationary phases.
Moreover, thiophene and valeronitrile appear to be particularly sensitive toMy; for
example3 the Tolar retentions of the latter compound increase from 2095 to
5683 em mol~® as the stationary phase molecular weight rises from 1040 to 3335 Da.
The molar specific retention volume form of data reduction thus provides a quick method
of screening for solutes that are potentially useful, as well as eliminating those that fail
to conform, as molecular-weight probes,

Figures 5-8 present the regressions of the molar specific retention volumes of the
solutes of Table 52.B agalnst the number-average molecular weights of the ARCO lots of
R-~45M, where all appear to be quite linear. The regressions also suggest that the solute
retentlons are insensitive to functionality differences in the prepolymers (cf. Table 1).
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TABLE 34. Smoothed (van't Hoff) Specific Retention Volumes v°/cm3 gL for Listed
Probe Solutes at Indicated Temperatures with Fraction 1A of X-25L% R-45M

vo/em3 g1
g g
30°C 40°C 50°C 60°C 70°C 80°C

n-Pentane 46,22 34,15 25.711 19.69 15.31 12,08

n-Hexane 135.2 94.35 67.33 49.02 36.36 27.43
. n-Heptane 388.8 255.8 172.8 119.5 84.39 60.81

n-Octane 1105. 686.2 438.7 288.2 194.0 133.5

3-Methylpentane 111.9 78.91 56.84 41.76 31.23 23.75

2,3-Dimethyl-

pentane 277.2 187.5 130.0 92,09 66.57 49,02
3-Methylhexane 295.5 197.9 135.9 95.41 68.40 49,97
3-Methylheptane 812.2 513.7 334.2 223.2 152.6 106.6
1-Hexene 138.5 96.90 69.33 50,61 37.63 28.45
1~-Heptene 392.8 259.4 175.8 121,9 86.41 62.44
1-Octene 1108, 691.4 444.1 292.9. 197.9 136.8
Benzene 464.1 313.7 217.2 153.7 111.0 81.68
Toluene 1395, 887.9 581.2 390.3 268.2 188.3
Ethylbenzene 3364, 2058, 1298, 841.5 559.5 380.7
o~-Xylene 5057. 3038, 1884, 1202, 787.4 528.3
p-Xylene 3924, 2372. 1479, 948.9 624.7 421.1
Cyclohexane 315.6 216.1  151.5 108.5 79.25 58,92 .
Methyleyelo- ' ‘ :

hexane 565.7 375.6 255.7 178.,2 126.8 92.01
Tetrahydrofuran 502.5 335.1 229.1 160,2 114.4 83.30
Thiophene 577.3 387.3 266.3 187.3 134.5 98.36
Acetone 124.8 89.26 65.19 48,52 36.73 28,26
Methyl Ethyl

Ketone 334.6 226.7 157.4 1117 80.87 59.62
Methyl Propyl

Ketone 819.0 528.5 350.5 238.2 165.6 117.5
Methyl Butyl

Ketone 2299, 1407, 887.0 575.1 382.4 260.2
Acetylacetone 2141, 1345, 869.5 577.0 392.2 272.5
Methylene ‘

Chloride 134.4 95.81 69,78 51.79 39.11 30,01
Chloroform 373.3 251.9 1741 123.1 88,76 65.21
1-Chloropentane 957.8 612.9 403.2 272.0 187.7 132.3

) n-Butyronitrile 719.0 473.1 319.5 220.9 156.0 112.4
n-Valeronitrile 2020. 1261. 810.4 534.9 361.7 250.0
1,2-Dimethoxy-

ethane 708.3 455.4 300.9 203.9 141.3 99.95

49




TABLE 35. Siopes m, Intercepts b, and Linear Regression Correlation Coefficients r for
van't Hoff Plots of Ln VO of Listed Probe-Solutes of Table 34 Against 103 1 with

Fraction 1A of X-25LM R-35M

Probe Solute m -b r
n-Pentane 2.873 5.643 0.9997,
n-Hexane 3.415 6.360 0.9998,
n-Heptane 3.973 7.141 0.99981
n-Octane 4,528 7.921 0.9998,
3-Methylpentane '3.320 6.232 ().99987
2,3-Dimethylpentane 3.710 6.612 0.9998,
3-Methylhexane 3.805 6.864 0.9998,
J-Methylheptane 4.349 7.845 0.9998,
1-Hexene 3.388 6.245 0.9999 4
1-Heptene 3.938 7.017 0.9998,
1-Octene 4,480 7.768 0.9998,
Benzene 3.720 6.131 0.9998,
Toluene 4.288 6.904 ().99988
Ethylbenzene 4.665 7.268 0.9999,
o-Xylene 4.837 7.427 0.99992
p-Xylene 4.779 7.489 0.9997g
Cyclohexane 3.594 6,100 0.9998,
Methyleyclohexane - 3,889 6.489 0.9998 6
Tetrahydrofuran 3.848 6.474 0.9998,
Thiophene 3.789 6.142 0.9998,
Acetone 3.180 5.664 l).99972
Methyl Ethyl Ketone 3.693 6.369 0.99994
Methyl Propyl Ketone 4.158 7.007 ().99996
Methyl Butyl Ketone 4.665 7.648 0.9999,
Acetylacetone 4.414 6.891 0.99997
Methylene Chloride 3.209 5.686 0.9998,
Chloroform 3.736 6,401 0.99989
1=-Chloropentane 4.238 7.114 0.9998,
n-Butyronitrile 3.974 6.530 0.9999,
n-Valeronitrile 4.473 7.144 0.9999¢
1,2-Dimethoxyethane 4,193 7.268 0.9999,
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TABLE 36. Replicate Smoothed (van't Hoff) Specific Retention Volumes Vc’/cm3 g"l for
Listed Probe Solutes at Indicated Temperatures with Fraction 1B of X-25LM R-45M

vg/em3 g1
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 47.12 34,78 26,16 20.01 15.55 12.26
n-Hexane 138.5 96.57 68.86 50.11 37.15 28.01
n-Heptane 398.7 262.5 177.4 122.7 86.71 62.50
: n-Octane 1131, 703.5 450.7 296.5 199.9 137.8
3-Methylpentane 113.0 80.13 58.03 42.85 32.20 24.60
2,3-Dimethyl-
pentane 282.3 191.1 132.6 94,02 68.02 50.12
3-Methylhexane 300.6 201.6 138.5 97.35 69.85 51.06
3-Methylheptane 825.4 523.3 341.2 228.3 156.4 109.4
1-Hexene 140.9 98,12 69.87 50.78 37.60 28.32
1-Heptene 400.7 264.9 179.7 124.8 88.49 63.99
1-Octene 1134, 707.8 454.7 300.1 202.9 140.3
Benzene 466.7 315.5 218.6 154.8 111.8 82.28
Toluene 1409. 896.9 587.2 394.4 271.1 190.3
Ethylbenzene 3408, 2084, 1314, 851.6 566.1 385.1
o-Xylene 5124, 3078. 1908, 1217, 797.1 534.7
p-Xylene 3976. 2401, 1496, 958.8 630,7 424.8
. Cyclohexane 3214 220.3 154.6 110.8 80,95  60.22
Methyleyelo- '
hexane 577.8 384.1.  261.9 182,7 130.2 94,54
Tetrahydrofuran 480.6 321.8 220.8 155.0 111,1 81,12
Thiophene 580.3 389.0 267.2 147.8 134.7 08.47
Acetone 120.4 85.83 62.46 46.33 34.97 26,82
Methyl Ethyl
Ketone 322.1 218,1 151.3 107.2 .57 57.15
Methyl Propyl
Ketone 792.7 511,0 338.5 229.8 159.6 113.1
Methyl Butyl
Ketene 2213. 1357, 858.1 557.6 371.5 © 253.3
Acetylacetone 2115, 1318, 845.6 557.1 3176.1 259.6
Methylene
. Chloride 134.4 95,37 69.15 51,11 38.45 29.40
Chloroform 3735 251.0 172.9 121.8 87.53 64,11
1~Chloropentane 965.7 617.1 405.4 2731 188.3 132.6
n-Butyronitrile 699.4 457.2 306.8 210.9 148.2 106.2
n=Valeronitrile 1971, 1222, 780.5 512,0 344.3 236.8
1,2-Dimethoxy-
ethane 685.6 439.9 290.1 196.2 135.7 95.87
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TABLE 37. Slopes m, Intercepts b, and Linear Regression Correlation Coeffisientf r for
van't Hoff Plots of LnVQ of Listed Probe-Solutes of Table 36 Against 10° T~ with
Fraction 1B of X-25LM R-45M

Probe Solute m -b r
n-Pentane 2.882 5.657 0.9998,
n-Hexane 3.422 6.358 0.9998 4
n-Heptane 3.968 7.101 0.99980
n-Octane 4,506 7.834 ().99986
3-Methylpentane 3.266 6.044 0.99983
2,3-Dimethylpentane 3.701 6.566 0.99988
~ 3-Methylhexane 3.796 6.816 0.99991
3-Methylheptane 4.327 7.556 0.9999,
1-Hexene 3.436 6.386 0.9999,
1-Heptene 3.928 6.964 0.9998,
1-Octene . 4.475 1.727 0.9998,
Benzene 3.716 6.113 0.99989
Toluene 4,286 6.887 0.99990
Ethylbenzene 4.668 7.285 0.9999,
o~Xylene 4.839 7.421 0.99999 _
p-Xylene 4.788 7.508 0.9999
Cyclohexane 3.586 6.056 _ 0.99996
Methyleyclohexane 3.876 : 6.426 0.9999,
Tetrahydrofuran . 3.810 6.391 0.9999 4
Thiophene 3.798 6.165 0.9999,
Acetone 3.216 5.816 0.9999,
Methyl Ethyl Ketone 3.702 6.437 0.9599,
Methyl Propyl Ketone 4.169 7.076 0.99998
Methyl Butyl Ketone 4.641 7.607 0.09992
Acetylacetune 4.492 7.160 0.99994
Methylene Chloride 3.2654 5.833 . 0,9999 4
Chloroform 3.7138 6.523 lL.99993
1-Chloropentane 4.252 7.153 0.99992
n-Butyronitrile 4.036 6.762 0.99996
n~Valeronitrile 4,537 7.380 0.9999,
1,2-Dimethoxy-
ethane 4.212 7.365 0.9999,
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TABLE 38, Smoothed (van't Hoff) Specific Retention Volumes vO/em? g‘l for Listed
Probe Solutes at Indicated Temperatures with Fraction 2A of X-25L% R-45M

0/amS o1
Vg/cm g
30°C - 40°C 50°C 60°C 70°C 80°C
) n-Pentane 45,83 34,08 25.81 19.88 15.54 12,32
n-Hexane 135.9 95,13 68.n9 49.72 36.98 27.97
n-Heptane 391.3 258.7 175.5 121.9 86.42 62.50
: n-Octane 1113, 695,1 447.2 295.4 199.9 138.3
3-Methylpentane 110.1 78.56 57.22 42.48 32.09 24.63
2,3-Dimethyl-
pentane 276.8 188.1 130.9 93,07 67.51 49.87
3-Methylhexane 294.9 198.7 - 137.2 96.82 69.75 51.19
3-Methylheptane 812.4 517.5 339.0 227.17 156.6 110.0
1-Hexene 136.8 95.80 68.58 50.09 37.27 28.19
1-Heptene - 392.6 260.4 177.2 123.4 87.72 63.60
1-Octene 1112, 696.5 449.0 297.2 201.6 139.7
Benzene 457.4 308.9  213.8 151,2 109.2 80,26
Toluene 1383, 880.3 576.3 387.0 266.0 186.7
Ethylbenzene 3345. 2047, 1291, 837.3 556.8 379.0
o-Xylene 4985, 3005, 1869, 1196. 785.3 528.2
p~Xylene 3787. 2309. 1452, 938.6 622.4 422.4
Cyclohexane 315.7 217.0 152.7 109.8 80.43 99,97
Methyleyelo- '
hexane 566.0 377.8 258.5 181.0 129.3 -94,23
Tetrahydrofuran 451.0 300.4 205.2 1434 1024 74.47
Thiophene 570.7 381,17 261.7 183.6 131.5 95.92
Acetone 114.2 80.45 57.90 42.50 31.76 24.13
Methy! Ethyl
Ketone 303.2 203.3 139.8 98,26 70.52 51.57
Methyl Propyl
Ketone 742.3 475.0 312.5 210.8 145.5 102.6
Methy! Butyl
Ketone 2078. 1263. 791.7 510.4 331.5 228.5
Acetylacetone 1961, 1222, 784.6 517.2 349.3 241.2
Methylene
. Chloride 130.7 92.50 66,90 49,33 37.03 28,25
Chloroform 364.1 243.9 167.4 117.6 84.26 61.55
1-Chlorgpentane 949,9 £06.6 398.3 268.2 184.9 130.1
n-Butyronitrile 659.1 427.1 284.2 193.9 135.2 96.24
n~Valeronitrile 1857, 1142, 723.7 471.3 314.7 215.0
1,2-Dimethogy-
ethane 623.2 399,2 262.9 177.5 122.6 86,53
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TABLE 39. Slopes m, Intercepts b, and Linear Regression Correlation Coefﬁgients r for

van't Hoff Plots of Ln vg of Listed Probe-Solutes of Table 38 Against 10° T-1 with
Fraction 2A of X~-25LM R-45M

Probe Solute' m -b r
n-Pentane 2.812 9.452 0.99950
n-Hexane 3.384 6.252 0.9996 4
n-Heptane 3.927 6.986 0.99969
n-Octane 4.464 7.711 0.99976
3-Methylpentane 3.207 5.878 ().99963
2,3-Dimethylpentane 3.670 6.483 0.9995¢
3-Methylhexane . 3.749 6.681 0.99968
3-Methylheptane 4,281 7.423 0.999"13
1-Hexene 3.382 6.237 0.99951
1-Heptene 3.897 6.883 0.9997,
1-Octene 4.441 7.673 0.9997 4
Benzene ' 3.726 6.166 0.9998,
Toluene 4.287 6.909 0.99989
Ethylbenzene 4,663 7.267 0.9999,
o~Xylene 4.806 7.341 0.3999
p-Xylene 4.697 7.253 - 0.9999,
Cyclohexane 3.556 5.975 0,99973
Methyleyclohexane . 3,839 6.325 . 0.9997,
Tetrahydrofuran 3.856 6,610 0.9999
Thicphene 3.818 6.248 0.9998,
Acetone 3.329 6244 09997,
Methyl Ethyl Ketone 3.79 6.798 ff'.i)S)S)Q6
Methyl Propyl Ketonre - 4.238 7.369 0‘99996
Methyl Butyl Ketone 4,927 7.953 0.9999,
Acetylacetone 4.487 7.219 - 0.9999,
Methylene Chlovide 3,379 5,944 - 0.9998,
Chloroform ~ 3.808 6.658 t"}.‘.‘)‘é)Qai3 '
1-Chloropentane » 4.257 7.185 0.9998y
n-Butyronitrile T &120 7.098 ' 0499991
n~Valeronitrile 4,617 7.702 0.99995
1,2-Dimethoxy- |
ethane - 4228 w510 0.999,




TABLE 40. Repiicate Smoothed (van't Hoff) Specific Retention Volumes V%/em® g1 for
Listed Probe Solutes at Indicated Temperatures with Fraction 2B of X-25LM R~45M

1

) ‘Q'\“‘ : 0 3 —
S Vg/em® g
-3 30°C 40°C 50°C 60°C 70°C 80°C
' n-Pentane 45.45 33.84  25.67 19.79  15.49 12.30
Eﬁ n~-Hexane 134.9 94.62 67.86 49,65 37.00 28.03
n-Heptane 390.2 258.3 175.4 121.9 86,54 62.64
. n-Octane 1113, 695.5 447,5 295.7 200.1 138.5
3-Methylpentane 109.5 78.13 56.92 42,26 31,93 24,51
2,3-Dimethyl- . »
pentane 274.4 187.1 130.7 93.25 67.86 50,28
3-Methylhexane 292.1 197.3 136.6 96,62 69.76 51.31
3-Methylheptane 807.3 515.2 338.1 227.8 156.7 110.3
1-Hexene 136.8 95.93 68.75 50.27 37.43 28.34
1-Heptene 391.5 259.9 176.9 123.3 87.70 63.62
1-Octene 1109. 695.4 448.9 297.5 201.9 140.1
Benzene 458.4 3005  214.1 1514 109.3 80.32
i Toluene 13886. 8817 576.9 387.2 286.0 186.7
3 - S Ethylbenzene 3408, 2074. 1301, 839.8 556.0 376.8
e 5 o-Xylene 5074. 3045. 1886. 1202, 786.6 527.3
p-Xylene 3867, 2346. 1468, 944.8 623.9 421.8
;. Cyclohexane 314.4 216.8 152.9 110.2 - 80.88 60.44
. Methyleyelo~- ' ‘
N hexane 564.9 377.7 258.9 181.5 129.9 - 94,78
o B Tetrahydrofuran 435.9 290.4 198.4 138.7 99.03 72.05
" Thiophene 573.2 383.0 262.4 183.9 131.5 95.90
,, Acetone 109.0 76.81 55.31 40.62 30.38 23.09
Methyl Ethyl
Ketone 293.3 195.8 135.4 95.20 68.35 50.00
Methyl Propyl
' Ketone " 719.5 460.6 303.1 204.6 141.3 99,60
Methyl Butyl
x Ketone 2032. 1233, 771.3 496.8 328.2 221.9
Acetylacetone 1969, 1217, - 775.1 507.1 340.0 233.2
- N , Methylene
Chloride 131.8 93.10 67.17 49.42 37,02 -28.19
Chloroform 364.8 - 244.4 167.8 117.9 84,52 61.75
i 1-Chloropentane 947.2 606.2 398.8 269.1 185.8 130.9
? n-Butyronitrile 647.3 418.6 278.2 189.4 131.9 93.75
n-Valeronitrile 1841, 1127, 711.1 461.2 306.8 208.9
1,2-Dimethoxy-
ethane 598.7 384.0 253.2 171.2 118.4 83.60
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TABLE 41. Slopes m, Intercepts b, and Linear Regression Correlation Coefficients r for
van't Hoff Plots of LnVC of Listed Probe-Solutes of Table 49 Against 103 T with
Fraction 2B of X-25LM R-15M

Probe Solute m -b r
n-Pentane 2.799 5.415 0.99968
n-Hexane 3.363 6.191 0.9997¢
n-Heptane 3.917 6.954 0.9997 4
n-Octane 4.462 7.705 0.9998,,
3-Methylpentane 3.205 5.878 0.9998,
2,3~-Dimethylpentane 3.633 6.370 0.9998 4
3-Methylhexane 3.724 6.607 0.99980
3-Methylheptane 4,263 7.367 0.9998,
1-Hexene 3.371 6.202 0.9997,
1-Heptene 3,891 6.865 ().99975
1-Octene 4,429 7.601 0.99980
Benzene , ' 3.729 6.173 0.9999,
Toluene 4.292 6,924 0.99995
Ethylbenzene 4,715 7.420 0.9998,
o~Xylene 4,848 © 7,460 0.9999 4
p~Xylene ’ 4.744 7.390 0.9999 4
Cyclohexzane R L2 S 5.897 0.99982
Methyleyelohexane - 3.822 6.27 . 0.9998,
Tetrahydrofuran 3.854 6.636 ) 0.9999,
Thiophene _ . 3.828 6.277 0.9999,
Acetong 3,323 5.269 0,.99984
Methyl Ethyl Ketone "3.788 6.814 0.99998
Methyl Propyl Ketone 4,234 7387 0.99997
Methy!l Butyl Ketone 4.742 - 8025 5.99995

“Agotylacetone . 4568 7.483 - 0.9999

. Methylene Chloride . 3.303 . 6,015 0.0099.
Chlorotorm _ - 3861 8.647 0.99989 :
1~Chioropentane BIIREE =t SRR 4 - 0.99984

“n-Butyronitsile g a4 09999,
s-Valeronitrile = 4.860 - 7.8%4 09999
1,2-Dimethoxy- | ’ S o o
othane : 4215 7.509- - 0.9999,
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TABLE 42, Smoothed (van't Hoff) Specific Retention Volumes v°/em3 g'l for Listed

Probe Solutes at Indicated Temperatures with Fraction 3A of X-25L% R-45M

n-Pentane
n-Hexane

n-Heptane
n-Octane

3-Methylpentane
2,3-Dimethyl-
pentane

3-Methylhexane
3-Methylheptane

1-Hexene

1-Heptene
1-Octene

Benzene
Toluene
Ethylbenzene
o-Xylene
p-Xylene

Cyclohexane
Methylcyelo-

hexane

Tetrahydrofuran
Thiophene

Acetone
Methyl Ethyl

- Ketone
Methyl Propyl

Ketone
Methy! Butyl
Ketone

- Acetylacetone

Methylene .
Chloride

Chloroform

1-Chloropentane

n-Butyronitrile
n~-Valeronitrile

1,2-Dimethoxy-
ethane

o 3 -1
Vg/cm g

30°C 40°C 50°C 60°C 70°C 80°C
47,09 34,94 26,41 20,31 15.85 12.55
139.3 97.50 69.75 50,92 37.85 28.62
405.0 267.3 181.0 125.5 88,86 64.17
1157, 721.2 462.9 305.1 206.0 142.3
114.1 80.97 58.69 43.37 32.62 24.93
285.4 193.8 1348 95.83 69.49 51.32
304.6 205.0 141.4 99.68 71.73 52.59
844.4 536.8  350.9 235.3 161,5 113.3
140.5 98.27 70.28 51.28 38.11 28.81
404.0 267.2 181.4 126.0 89.38 64.67
1148, 717.1 461.3 304.7 206.2 142.7
456.4 308.1 213.1 150.7 108.7 79.89
1389, 883.2 577.5 387.3 265.9 186.5
3312, 2034, 1287, 837.1 558.3 381.0
3814, 2322, 1458, 941.0 623.2 422.4
323.7 222.5 156.5 1125 82.37 61.41
583.3 388.9  265.9 186.0 132.9 96,71
423.3 282.4 193.2 135.2 96.59 70.35
564.4 3775  258.8 181.5 129.9 94.82
101.5 72,03 52.20 38.56 29.00 22,16
274.4 184.9 127.7 90,16 64.97 47,69
681.3 437.1 288.3 194.9 134.8 95,23
1012, 1164. 730.2 4712 3120 2114
1857. 1149, 738, 479.9 3222 2212
127.9 90.11 64.89 47,66 35.64 27.10
351.4 235.6 161.9 113.7 81.59 59,64
949,7 606.5  358.3 268.2 184.9 130.1
597.4 386.6  257.0 175.1 1220 86.73
1712, 1046, £59.5 427.3 284.0 193.1
572.8 368.7 243.9 165.4 114.8 81.27
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TABLE 43. Slopes m, Intercepts b, and Linear Regression Correlation Coeffigients r for
van't Hoff Plots of Ln VO of Listed Probe-Solutes of Table 42 Against 10° T-1 with
Fraction 3A of X-25LM R35M

Probe Solute m -b o
n-Pentane 2,832 5.489 0.9995,
n-Hexane 3.389 6.242 0.99954
n-Heptane 3.944 7.008 0.99961
3-Methylpentane 3.257 6.005 0.99968
2,3-Dimethylpentane 3.674 6.464 0.9996,
3-Methylhexane 3.761 6.687 (1.99959
3-Methylheptane 4.301 7.449 0.9996,
1-Hexene 3.393 6.247 0.99965
1-Heptene 3.923 6.939 0.9995
1-Octene 4.464 7,680 l).99966
Benzene 3.731 8.186 0.9998,
Toluene 4.300 6.947 ' 0.9998,
Ethylbenzene 4.630 7.168 0.99987
o~Xylene 4.837 7.430 . 1.1.99992
p-Xylene 4.711 7.295 0.9999,
Cyclohexane 3.559 5.961 0.99961
Methyleyelohexane 3.847 6.323 0.99965
Tetrahydrofuran 3.843 6.628 0.9999,
Thiophene - 3.820 6,264 0.9998,
Acetone 3.259 6.130 0.99980
Methyl Ethyl Ketone 3.746 6.743 0.9998,
Methyl Propyl Ketone 4.213 7.374 0.99987
-Methyl Butyl Ketone 4.715 7.998 0.9999,
Acetylacetone 4,556 7.501 0.9998.‘.
- Methylene Chloride 3.322 6,108 0.9999,,
Chioroform 3.798 6.666 0.9999,
1-Chloropentane 4.256 7.183 0.99985
n-Butyronitrile 4,122 7,238 0,9998,
n-Valeronitrile 4,672 7.965 - 0.9999,

1,2-Dimethoxy-~
ethane 4.181 7.442 0.99986
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TABLE 44. Smoothed (van't Hoff) Specific Retention Volumes v/em® g1 for Listed
Probe Solutes at Indicated Temperatures with Fraction 3B of X-25LF R-45M

0 /am3 -1
Vg/cm g
30°C 40°C 50°C 60°C 70°C 80°C

n-Pentane 50,96 37.42 28.01 21.34 16,51 12,96
n-Hexane 151.3 104.7 74,21 53.68 39.56 29.67
n-Heptane 438.3 286.5 192.2 132.1 92.81 66.51
n~Octane 1255, 773.6 491.5 320.8 214.7 147.0
3-Methylpentane 122.8 86.55 62.35 45.81 34.27 26.06
2,3-Dimethyl-

pentane 303.2 205.0 142.0 100.6 72.65 53.46
3-Methylhexane 330.1 219.7 150.0 104.7 74.68 54,28
3-Methylheptane 917.8 576.4 372.6 247.2 168.0 116.7
1-Hexene 150, 104.3 74.10 53.75 39.72 29.86
1-Heptene 434.1 284.5 191.4 131.8 92,81 65.66
1-Octene 1232. 762.8 486.5 318.8 214.1 147.1
Benzene 470.7 316.9 218.6 154.2 111,0 81.43
Toluene 1439, 911.0 593.0 396.2 270.9 189.3
Ethylbenzene 3486, 2121. 1331, 858.9 568.5 385.2
o-Xylene 4102, 2460, 1523, 970.2 634.6 425.1
p~Xylene 5329, 3169. 1946. 1231, 799.2 531.9
Cyclohexane 348.5 237.3 165.5 117.9 85.73 63.45
Methyleyelo- : '
hexane 633.5 417.1 281.9 195.0 137.8 99.36
Tetrahydrofuran 417.0 2783 190.5 1334 95,33 69.46
Thiophene 574.6 383.7 262.8 184.1 131.6 95.96
Acetone 101.8 72.13 52.20 38.52 28,94 22,09
Methyl Ethyl

Ketone 273.4 183.8 126.6 89.20 64.14 46,99
Methyl Propyl

Ketone 675.3 432.9 285.2 192.7 133.2 93.99
Methyl Butyl

Keotone 1905, 1156. 723.9 466.1 308.1 208.3
Acetylacetone 1917, 1190, 160.7 499.6 336.3 231.5
Methylene

Chloride 125.9 89.51 65.00 48,12 38,25 27.75
Chlcroform 3474 234.0 161.5 114.0 82.12 60.26
1-Chloropentane 986.0 627.0 410,0 275.1 188.9 132.5
n-Butyronitrile 557.6 365.0 245.3 168.8 118.8 85.22
n-Valeronitrile 1593, 986.6 629.3 412.4 277.0 190.3
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TABLE 45. Slopes m, Intercepts b, and Linear Regression Correlation Coeffigients r for
van't Hoff Plots of LnV9Q of Listed Probe~Solutes of Table 44 Against 10 1 with

Fraction 3B of X-25LM R-45M

Probe Solute m -b r

n-Pentane 2.931 5.737 0.99978
n-Hexane 3.488 6.485 0.99985
n-Heptane 4.037 7.234 ().99989
n-Octane 4.591 8.010 0.99990
3-Methylpentane 3,319 6.137 ).99986
2,3-Dimethylpentane 3.716 6.544 ’3.99999
3-Methylhexane 3.865 6.951 i).99993
3~Methylheptane - 4,416 7.745 0.99993
1-Hexene 3.457 6.393 0.99987
1-Heptene 4.012 7.160 0.99984
1-Octene 4,551 7.896 0.99991
Benzene 3.756 6,237 0.99996
Toluene 4,343 7.056 0.99996
Ethylbenzene 4.716 7.401 ().99999
o~Xylene 4.853 7.691 0.9999,
p~-Xylene 4.934 7.696 0.9999¢
Cyclohexane 3.648 6.179 0.!)9992
Methyleyclohexane 3.966 6.633 : 0.-99985
Tetrahydrofuran 3.838 6.626 0.99996
Thiophene 3.832 6,287 0.99997
Acetone 3,271 6.168 0.9999 4
Methyl Ethyl Ketone 3.171 6.828 ().99997
Methyl Propyl Ketone 4.222 7.413 0.99999
Methyl Butyl Ketone 4.139 8.079 0.99999
Acetylacetone 4.528 7.373 0.99986
Methylene Chloride 3.238 5,845 0.99998
Chloroform 3.751 6.523 0.99997
1-Chloropentane 4,298 7.284 0,9999,
n-Butyronitrile 4.022 6.943 0'99998
n-Valeroaitrile 4.550 7.63%7 0.9999¢
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TABLE 46, Replicate Smoofhed (van't Hoff) Specific Retention Volumes V(’/cm3 g'l for
Listed Probe Solutes at Indicated Temperatures with Fraction 4A of X-25LM R-45M

0 3 .-1
Vg/em g
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 49,22 36.42 27.46 21,06 16.40 12.96
n-Hexane 146.2 101.8 72.55 52,75 39.07 29.44
n-Heptane 422.0 277.5 187.2 129.3 91.31 65.74
n-Octane 1204, 748.2 478.9 314.9 212.2 146.2
3-Methylpentane 118.9 84.17 60.86 44.87 33.87 25.68
2,3-Dimethyl~
pentane 298.6 202.0 140.0 99,18 71.69 52.79
3-Methylhexane 318.3 213.2 146.4 102.9 73.76 53.90
3-Methylheptane 880.7 557.5 363.1 242.6 166.0 116.0
1-Hexene 145.7 101.6 72.49 52,717 39.13 29.51
1-Heptene 419.6 276.8 187.3 129.8 91.84 66.29
1-Octene 1194. 743.1 476.3 313.6 2115 145.9
Benzene 466.7 314.3 216.9 153.1 110.3 80.90
Toluene 1420. 900.3 587.4 393.1 269.4 188.6
Ethylbenzene 3446. 2101. 1320, 853.3 565.7 383.8
o~Xylene 5259, 3136. 1931, 1224, 796.9 531.5
p~Xylene 3997. 2413, 1503. 962.7 633.1 426.3
Cyclohexane 338.6 2319  162.6 116.4 85.04 63.22
Methylcyelo- -
hexane 609.0 404.6 275.8 192.3 137.0 99.44
Tetrahydrofuran 414,9 275.4 187.5 130.6 92.95 67.43
Thiophene 1.9 385.3 263.5 184.3 131.6 95.83
Acetone 97.35 69.13 50.14 37.08 27.90 21.34
Methyl Ethyl
Ketone 264." 178.0 122,9 86.73 82.47 45.84
Methyl Propyl .
Ketone 658.4 421.5 277.4 187.2 129.2 91.12
Methyl Butyl
Ketone 1856. 1126, 704.5 453.4 299.4 202.4
Acetylacetone 1806, 1119, 7142 468.3 314.7 216.3
Methylene _
Chloride 128,1 90.52 65.34 48,10 36.05 27.46
Culoroform 353.3 236.8 162.7 1143 81.98 59,92
1-Chloropentane 976.8 621.4 406.5 272.8 187.4 13L.5
. n-Butyronitrile 601.8 383.8 251.7 169.3 116.5 81,90
n-Valeronitrile 1629, 998.4 630.7 409.6 272.8 185,9

1,2«Dimethoxy-
ethane 947.2 350.7 231.0 156.0 107.8 76.11




TABLE 417. Slopeé m, Intercepts b, and Linear Regression Correlation Coeffigients r for

van't Hoff Plots of Ln Vg of Listed Probe-Solutes of Table 46 Against 10° Tl with
Fraction 4A of X~25LM R-45M

Probe Solute m -b r
n-Pentane 2.857 5.530 0.99968
n-Hexane 3.431 6.333 0,9997¢
n-Heptane 3.981 7.087 0.99 971
n-Octane 4,514 7.799 0.9998,
3-Methylpentane 3.28? 6.047 0.9997,
2,3-Dimethylpentané 3.710 6.540 0.9997 9
3-Methylhexane 3.802 6.779 0.9998 4
3-Methylheptane 4,340 7.537 0.9998,
1-Hexene 3.419 - 6.296 0.99981
1-Heptene 3.951 6.994 0.9998,
1-Octene 4.500 7.760 0.99982
Benzene 3.752 6.232 0.99988
Toluene 4.322 7.000 0.99991
Ethylbenzene 4,700 7.357 0.9999 4
o-Xylene 4.907 7.620 0.99999
p-Xylene 4.792 7.515 0.99998
Cyclohexane 3.593 6.028 ().99982
Methyleyclohexane - 3.880 6.388 0.9998,
Tetrahydrofuran 3.890 6.805 0.99999
Thiophene ©3.847 6.331 0.99992
Acetone 3.250 6.142 0.99991
Methyl Ethyl Ketone 3.752 6.798 0.9999,
Methyl Propyl Ketone 4.234 7.478 0.99998
Methyl Butyl Ketone 4.745 8.125 0.99994
Acetylacetone 4.543 7.488 ' 0.99990
Methylene Chloride 3.298 6.025 0.99996
Chloroform 3.799 6.685 0.99992
1-Chloropentane 4.294 7.280 0.9999,
n-Butyronitrile 4.270 7.686 0.99908
n-Valeronitrile 4.648 7.936 0.99999
1,2-Dimethoxy-

ethane 4.224 7.628 0.9998,
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TABLE 48, Smoothed (van't Hoff) Specific Retention Volumes V°/cm -1 for Listed
Probe Solutes at Indicated Temperatures w1th Fraction 4A of X-25L% R-45M

0/,m3d o1
Vg/em g
30°C 40°C 50°C 60°C 70°C 80°C
. n-Pentzane 46.65 34.68 26.26 20.22 15.81 12.53
n-Hexane 138.7 97.04 69.42 50.67 37.67 28.48
n-Heptane 400,2 264.4 179.3 124,4 88.21 63.76
n-Octane 1142, 712.7 458.0 302.2 204.3 141.2
3-Methylpentane 114.1 80.75 58.38 43.04 32.29 24.63
2,3-Dimethyl-
pentane 283.9 192.6 133.8 95.06 68.87 50.82
3-Methylhexane 303.1 203.7 140.3 98.79 71.02 52,01
3-Methylheptane 838.4 532.6 348.0 233.2 160.0 112,1
1-Hexene 138.3 97.03 69.57 50.89 37,92 28,71
1-Heptene 398.5 263.9 179.3 124.7 88.56 64,12
1-Octene 1128, 706.2 455.0 301.0 204.0 141.3
Benzene 454.4 306.1 211.3 149.2 107.4 78.84
Toluene 1379. 875.5 5T1.7 383.0 262.6 184.0
Ethylbenzene 3363. 2047. 1285. 829.4 549.2 372.2
o~-Xylene 5069, 3029. 1869, 1187, 774.1 517.2
p~Xylene 3866, 2335, 1455, 932.4 613.3 413.1
Cyclohexane 324.6 222,6 156.3 11241 81.97 61.01
Methyleyeclo- : '
hexane 981.2 387.2 264.6 184.9 132.0 96.04
Tetrahydrofuran 4017 266.9 181.9 126.9 90,36 65.60
Thiophene. 563.6 375.6 256.7 179.5 128.2 93.26
Acetone 99.50 69.88 50,17 36.74 27.40 20.77
Methyl Ethyl
Ketone 264.6 171.2 121.6 85.36 61.17 44.67
Methyl Propyl
Ketone 654.8 417.1 273.2 183.6 126.2 88.67
Methyl Butyl
Ketone 1848. 1115. 693.7 444.2 291.9 196.5
Acetylacetone 1792, 1102, 699.1 455.6 304.4 208,1
Methylene :
Chloride 126.6 89,27 64.33 47,28 35.38 26.91
. Chloroform 349.4 233.4 159.9 1120 80,15 58.44
1-Chloropentane 944.6 601.2 393.4 264.1 181.5 127.4
n-Butyronitrile 573.9 369.8 244.9 166.2 115.4 81.79
n-Valeronitrile 1645, 1001, 628.5 405.7 268.6 132.1
1,2-Dimethoxy-
athane 534.5 342.4 225.5 152.2 105.2 74.19
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TABLE 49, Slopes m, Intercepts b, and Linear Regression Correlation Coeffigientf r for
van't Hoff Plots of LnVQ of Listed Probe-Solutes of Table 48 Against 10¥ T ™ with

Fraction 4B of X-25LM R-45M

Probe Solute m -b r

n-Pentane 2.814 5.440 0‘99986
n-Hexane 3.390 6.249 0.9998,
n-Heptane 3.933 6.981 (1.99987
n-Octane 4.475 7.723 0.99984
3-Methylpentane 3.283 6.093 0.9998,
2,3-Dimethylpentane 3.683 6.502 0,9998,
3-Methylhexane 3.774 6.734 0.9998,
3-Methylheptane 4,307 7.477 (1.99988
1-Hexene 3.367 6.175 0.9999,
1-Heptene 3.912 6.916 0.9999,
1-Octene 4.448 7.644 0.99990
Benzene 3.730 6.252 ().99996
Toluene 4,313 6.998 0.99996
Ethylbenzene 4,713 7.427 0.9999,
o~Xylene 4.887 7.590 0.99998
p-Xylene 4.788 7.535 0.9999,
Cyclohexane 3.579 6.023 0.99990
Methyleyclohexane . 3.855 6,351 0.9998,
Tetrahydrofuran 3.880 6.804 0.99997
Thiophene 3.852 6.372 0.9999
Acetone 3.354 6.464 0.9997,
Methyl Ethyl Ketone 3.809 6.986 0.9999,
Methy! Propyl Ketone 4.281 7.637 ().99999
Methy! Butyl Ketone 4.799 8.309 0.9999
Acetylacetone 4.610 7.716 0.99998
Methylene Chloride 3.315 6.096 0.99996
Chloroform - 3.829 6.774 0.99996
1=Chloropentane 4.290 7.301 0.99993
n-Butyronitrile 4.172 7.408 0.9999,
n-Valeronitrile 4.712 8.140 ' 0.99998

1,2-Dimethoxy-
ethane 4.228 766,7 0.9999,




TABLE 30. Replicate Smoothed (van't Hoff) Specific Retention Volumes V°/emS g'l for
Listed Probe Solutes at Indicated Temperatures with Fraction 5A of X-25LM R-45M

o] 3.1
Vg/cm g
30°C 40°C 50°C 60°C 70°C 80°C
’ n-Pentane 49,95 36.72 27.51 20.98 16.25 12.77
n-Hexane 148.3 102.6 72.70 52.57 38.74 29.05
n-Heptane 429.6 280.5 188.0 129.1 90.61 64.88
. n-Octane 1233. 759.3 481.9 314.3 210.2 143.8
3-Methylpentane 120.2 84.62 60.88 44.67 33.38 25.35
2,3-Dimethyl-

pentane 301.9 203.0 139.9 98.59 70.90 51.96
3-Methylhexane . 322.4 214.7 146.7 102.5 73.13 53.19
3-Methylheptane 893.6 562.1 363.9 241.8 164.5 114.4
1-Hexene 146.2 101.6 72.18 52.34 38.68 29.07
1-Heptene 421.7 276.5 186.1 128.2 90.33 64.90
1-Octene 1202. 744.) 474.4 310.8 208.7 143.3
Benzene 452.4 304.5 210.0 148.1 106.6 78.16
Toluene 1380. 874.8 570.5 381.8 261.5 183.0
Ethylbenzene 3388. 2056. 1287, 829.0 547.7 370.4
o-Xylene 5120, 3047. 1872, 1185. 770.0 512.7
p-Xylene 3922. 2358. 1463. 934.6 612.7 411.3
Cyclohexane 342.6 232.9 162.1 115.4 83.73 61.88
Methyleyclo~

hexane 617.0 407.0 275.9 190.9 135.1 97.52
Tetrahydrofuran 379.0 253.0 173.2 121.3 86.70 63.18
Thiophene 552.9 368.8 2623 176.6 126.2 91.89
Acetone 89.93 63.58 45.92 33.82 25,36 19.33
Methyl Ethyl

Ketone 241.2 162.8 112.6 79.58 57.41 42.19
Methyl Propyl

Ketone 607.4 388.4 255.3 172.1 118,7 83.66
Methy! Butyl

Ketone 1696. 1030, 645.3 415.8 274.8 185.9
Acetylacetone 1690, 1048. 666.4 436.4 292.9 201.1
Methylene _

Chloride 119.4 84.72 61.42 45.39 34.14 26.10
Chlorofarm 329.0 221.3 152.6 107.6 77.39 58.73
1-Chlcropentane 947.7 602.1 393.5 263.8 181.0 126.9
n-Butyronitrile 500,3 327.2 219.7 151.1 108.2 76.17
n-Vateronitrile 1422, 879.5 560.6 367.1 2464 169.2
1,2-Dimethoxy- o

ethane 497.9 320.4 211.8 . 143.6 - 99.84 T0.46
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TABLE 51. Slcpes m, Intercepts b, and Linear Regressmn Correlation Coeffi:,;ients r for
van't Hoff Plots of LnVY of Listed Probe-Solutes of Table 50 Against 10% 71 with
= Zraction 5A of X-25LM R-35M

Probe Solute m -b r

n-Pentane 2.921 5.723 0.9998 4

n-Hexane 3.490 6.514 0,9998,4
n-Heptane 4,047 7.288 0. 99989
n-Octane 4.600 8.059 0.9999,
3-Methylpentane 3.332 6.203 0.99985
2,3-Dimethylpentane 3.768 6.719 0.9998,
3-Methylhexane 3.858 6.950 0.99989
3-Methylheptane 4.401 7.722 0.99984
1-Hexene - 3.459 6.424 0.99986
1-Heptene 4.007 7.174 0.99990

1-Octene 4,554 7.931 0.9999,
Benzene - 3.760 6.287 0.99991
Toluene 4.325 7.037 0.9998 s
Ethylbenzene 4.739 7.504 0.9999,

o~-Xylene St 4.927 7.712 0. 99993

p-Xylene 4.828 7.652 0.9999,
Cyclohexane 3.664 6.250 - 0.9998,
Methyleyelohexane 3.950 6.605 0,9999,
Tetrahydrofuran - 3.826 8,715 09998 - -. -
Thiophene : 3.842 - 8.360 0.9999,
Acetone 3.392 886l 00009

Methyl Ethyl Ketone N & b - 6.823 ’ 0.9999, -
Methyl Propyl Ketone 4,248 ~ . 35893 - O 9990‘%,

Methyl Butyl Ketone 4733 Bave - 008088, o .
Acetylacetone RTINS X T 09999, S
Methylene Chloride 8,288 Bgst - s.sgsaé?j[‘--” P
Chloroform .76 4820 .. 0 99993- T
1~Chloropentane 4305 L e 0 08099, - 7
n-Butyronitrile X & ST X1
n~Valeronitrile 557 T 9.8999 4
1,2-Dimethoxy- B S

ethane 4.187 800 - 0899,
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TABLE 52. Molar Specific Retention Volumes Vg 1/em3 mol™! for Listed Probe-Solutes
with Indicated Lots of R-45M at 30° and 50°C

A. Compounds whose retentions at 30°C fail to distinguish between 14LM and 20LM

1073 Vg 1/emS mol~l

Solute 10LM 14LM 20LM ZSLM 120HM
) n-Hexane 141.9 184.3 197.0 212.1 468.9
3-Methylhexane 310.3 399.0 429.4 495.4 975.2
1-Hexene _ 141.9 186.1 196.7 227.7 472.6
Cyclohexane 327.8 424.6 454.8 525.0 1088.
Benzene 492.0 628.4 643.0 752.4 1498.
Tetrahydrofuran 490.0 617.0 630.1 706.8 1280.
1-Chloropentane 1020. 1318, 1340. 1549. 3108,

B. Compounds whose retentions at 30° and 50°C appear to reflect the melecular
weight difference between 14LM and 20LM

Thiophene S ' ,
30°C 610.1 788.9 785.6 935.6 » 1874.
Acectone
30°C 120,5 1511 150.4 175.6 334.8
Chloroform . ' ' -
30°C B 397.6 504.4 . 498,80 988.4 1res,
30°C ) - 1825 233.3 2313 3TAS - 9343
n-Valeronitrile - " ' ‘
0°C : 2098, 2623, 2502, 2524, 5683,
50°C 811.2 1031, - 990.6 1152, 2142,
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FIGURE &, Test of regression of molar specific retention volume v2: fomS mor?

. ‘against stationary-phase number-average molecular weight Mn/Da for thieghene solute at
30°C.
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Regressions of Conventional-Form ific Retention Volumes. The conventional-
form specific retention volumes V®/cm g~1 of the four promising solutes of Table
59.B were next examined in terms of the molecular weights of the ARCO lots of R~
45M. The relevant data are provided in Table 53. The retentions only of chloroform at
30°C and valeronitrile at 30° and 50°C provide significant distinction between the R-
45M. (In contrast, those of thiophene for example with 10LM and 20LM are nearly
identical and so, this solute is not suitable as a molecular-weight probe.)

TABLE 53. Conventional-Form Specific Retention Volumes v2/em3 g'l of Listed Probe-
Solutes with Indicated Lots of R-45M at 30° and 50°C g

A. Compounds whose retentions fail to reflect significant differences in the M of
10LM, 14LM, and 20LM

‘vlg/cm3 gl

Solute 10LM 14L,M 20LM 25LM 120HM
Thiophene

30°C 586.6 555.3 581.9 574.0 561.8
Acetone

30°C 115.9 106.4 111.4 107.7 100.4
Chloroform

50°C 175.5 164.3 171.3 167.2 160.2

B. Compounds whose retentions appear to reflect molecular weight differences between
10LM, 14LM, and 20LM

Chloroform
30°C 382.3 355.2 368.9 361.0 353.3
Valeronitrile
30°C 2014, 1847, 1853, 1794. 1704,
50°C 780.0 726.2 733.8 706.8 642.4

As shown below in Figure 9, plots of the VQ e.g. of valeronitrile against stationary-
phase molecular weight were curved, Nevertheless, a plot of the specific retention
volumes of this solute against inverse molecular weight at 50°C, Figure 10, gave a near-
perfect correlation coefficient of 0.99996. (The analogous plots for chloroform were,
however, not linear.) Table 54 confirms the goodness of fit of the linear regression.
Thus, the number-average molecular weight of R-45M can be assessed simply by
measuring the specific retention volumes of valeronitrile at 50°C.

Encouraged by the success shown in Figure 10 and Table §4, the regressions of all
solutes at all temperatures as a function of inverse molecular weight were examined at
this point. Several additional solutes at various temperatures were thereby identified
also as good indicators of the stationary-phase molecular weight. The relevant plots of
specific retention volume agalinst inverse M are provided in Figures 11-14.
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FIGURE 9. Plots of conventional-form specific retention volumes v%/em3 g™l of
valeronitrile at 30° and 50°C agalnst stationary-phase molecular weight,
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FIGURE 10. Asin Figure 9; abscissa of inverse molecular weight.
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TABLE 54. Test of Goodness of Fit of Linear Regression Shown in Figure 10

Lot of R-45M Smoothed Mn/Da Mfr. Claimed Mn/Da
10LM 1038 1040
14LM 1419 1420
20LM 1349 1350
25LM 1638 1630
120HM 3315 3335
)
]
m-
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0 1 80°C
£ . " e
d |
00
0 L] L | L
) . 6 s 10
10*Mn™/ Da®

FIGURE 11 Plots of specific retention volumes of methyl ethyl ketone against inverse
molecular weight of R-45M stationary phases at 70 and 80°C.




1400

Vg /emPg?
8

3 4 ] 8 10

10!/ Dot

FIGURE 12. As in Flgure 11; acetylacetone solute at 40-70°C.
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FIGURE 13. Asin Figure 11; butyronitrile solute at 50-80°C.
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Somewhat surprisiﬂgly, the retentions of alkane solutes failed to correlate with
stationary-phase molecular weight. The plots for n-hexane and n-octane are provided as
examples in Figures 15 and 16: the data describe near-horizontal lines, i.e., fail to reflect
solvent M.

Relative Retentions and Retention Indices. As a result of the above, the retention
indices of probe-solutes, which are taken relative to n-alkanes, fail to correlate with
inverse M. The data for the solutes of Figures 11-14 are shown in Figures 17-20. This is
unfortunate, since retention indices can be taken directly from strip-chart recordings.
However, capacity factors, which have the same advantage, can be used instead. Thus,
one need in fact ensure only that the flow rate, temperature, and weight percent liquid
loading of stationary phase are the same from one column to another, and then calculate
the capacity factors of the probe-solutes methyl ethyl ketone, acetylacetone,
butyronitrile, and valeronitrile. The data should regress linearly against inverse
molecular weight since, if the specific retention volumes do so, then of course the
capacity-factor data must also.

Application to Fractionated R-45M. An example of application of the findings of
Phase I of the Contract are provided in Table 55, which lists the number-average
molecular weights of each of the R-45M fractions that were calculated with the
nomograph shown in Figure 10; the data are also plotted in Figure 21. The upper limit of
accuracy of the method appears to be ca. 4000 Da, which is quite satisfactory since the
number-average molecular weight of R-45M prepolymer rarely exceeds 2000 Da. The

determination of R~45M M, by inverse GC thus appears to be at hand.

TABLE 55. Number-Average Molecular Weights, Mp/Da, of Indicated Fractions of X-
25LM R-45M Calculated from Nomographic Regression Shown in Figure 10 and Retention
Data Listed in Tables 3451

Fraction ve/ emd "1 M, /Da
1A 810.4 902,
18 780.5 1036,
2A 723.7 1444.
2B 711.1 1583,
JA 659.5 2607,
iB 629.3 4194.
4A 630,7 4078,
4B 628.5 4262,
5A 560.6 -

Bulk : 706.6 1639,

19




Vg /emg?

m‘Mn" /Dat

FIGGRE 15. As in Pigure 11; n-hexane solute at 30, 50, and 70°C,
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FIGORE 17. Plots of retention indices of methyl ethyl ketone solute against inverse
molecular weight of R-45M standard stationary phases at indicated temperatures.
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FIGURE 21. Nomographic determination of M, of fractions 1A-10A of bulk 25LM R-45M
g:}culnted from the respective Vg and the unear regression shown in Figure 10 and Table
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Phase II, Task 1, Wet-Chemical/Instrumental Determination of Absolute Hydroxyl
Content

"Standard" Lot of R-45M. The supply of ARCO Poly bd X-25LM had at this point
been exhausted. In addition, the ARCO Division responsible for R-45M was sold and a
new firm, Sartomer, came into being during the previous Phase of this work. (As of this
writing, Sartomer has since been purchased by the French oil and chemicals firm, Elf
Aquitaine.) As a result, and because w2 could not obtain any fresh supplies of ARCO X-
25LM, the "standard" lot of R-45M was changed to Sartomer R20LM, with the assurance
from Sartomer personnel that the material was in every way identical to Poly bd X-20LM
batches formerly manufactured by ARCO. (In fact, this turned out not to be so, as
described below.) It was therefore necessary to repeat virtually all of Phase I with the
new Sartomer "standard" lot of prepolymer.

Gel-Permeation Chromatography of Bulk R-45M. The GPC traces of bulk ARCO
(upper) and Sartomer lots of supposed-equivalent "20LM" are presented in Figure 22. A
vertical line drawn through the peak-maximum of the former clearly does not pass
through that of the latter. An appreciable amount of the Sartomer material appears in
fact to be of substantially lower molecular weight than the ARCO version. The peaks
are of about equal asymmetry, however, that is, there is a broad "front" (left side) and a
relatively sharp "tail* (right side) to each.

Inverse GC Retentions with Bulk R-45M. The gas-chromatographic specific
retention volumes, and van't Hoff slopes, intercepts, and least-squares correiation
coefficients of all probe-solutes with the ARCO and Sartomer materials at 30-80°C are
presented in Tables 56-65 below. The former data (Tables 56,57), obtained in the
previous Phase of the Contract, obviously contrast sharply with those found for the
Sartomer material (Tables 58-65) (see also later).

Solvent Fractionation Patterns of Bulk R-45M. The fractionation pattern obtained
with iso-propyl alcohol/benzene with the Sartomer R20LM sample is shown in Figure 23,
while, for comparison, that obtained for ARCO X-25LM is shown in Flgure 24, The
results were really quite startling: fully three-fourths of the Sartomer material was
extracted In the first two extractions; indeed, two-thirds of the prepolymer was
extracted In the first extraction 'vith iso-propyl aleohol. Thus, the average molecular
welght of the Sartomer material must be very substantially lower than, for example,
ARCO X-25LM; cf, Figure 24, In the latter, only a third of the R-45M was taken up in
the first fraction, the remaining two-thirds being distributed roughly equally between
fractions 2-5. Shown also for comparison in Figures 25-27 ave the extraction bar geaph
data obtained for Sartomer Lots 40, 42B, and ACH V004, These three bulk Sartomer
materials appear to be similar to one another; however, there are notable differeuces in
the amounts extracted for the last fraction, 6A, For example, Lots 40 and ACH V004
each give 15-16% w/w material for the last fraction, while that of Lot 42B is half this
amount, ca. 8%, The patterns are also somewhat similar to ARCO X-25LM, but differ
quite substantially from Sartomer R20LM.

Molectular-Welght Characterization of Fractions of "Standard® 1t-45M. Following
fractionation of the new “standard", Sartomer R20LM, we proceeded to determine and
co;'ns?are the number-average molecular welght of each fractiun by inverse GC, by
density measurements, and by GPC.

Inverse GC Determination of Fraction Molecular Weights. It was found in
previous work that the retentions of pacticular solutes, at specified temperatures,
correlated well with R-45M stationary-phase molecular weight. The solutes were methyl
ethyl ketone at 70-80°C, butyronitrile at 50-80°C, and valeronitrile and acetylacetone at
40-70°C. The corresponding nomographic equations are given below in Table 66. The
retentions of these solutes with each of the Sartomer R20LM R~45M fractions are then
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TABLE 56. Smoothed (van't Hoff) Specific Retention Volumes V9/em3 g1 for Listed
Probe Solutes at Indicated Temperatures with ARCO Poly bd X-20L% R-45M
.

0/am3 -1
Vg/em g
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 49,91 36.77 27.61 21.09 16.36 12,88
n-Hexane 146.7 - 101.8 72.27 52.37 38.67 29.05
. n-Heptane 421.5 276.0 185.5 127.7 89.85 64.49
n-Octane 1206. 744.6 473.6 309.6 207.4 142,2
3-Methylpentane 118.8 84.14 §0.87 44,90 33.72 25.73
2,3-Dimethyl- .
pentarie 297.5 201.0 139.1 98.44 71.08 52,28
3-Methylhexane 316.6 211.9 145.4 102.0 73.11 53.38
3-Methylheptane 873.6 552.3 359.2 239.8 163.9 114.4
1-Hexene 147.0 102.5 73.11 53.21 39.45 29.75
1-Heptene 420.6 276.9 187.0 129.4 91.41 65.88
1-Octene 1195. 749.6 472.8 310.0 208.4 143.2
Benzene 470.8 318.1 220.2 155.8 112.5 82.78
Toluene 1424, 906.6 593.7 398.8 274.2 192.6
Ethylbenzene 3383. 2080. 1318. 858.6 §73.3 391,7
o-Xylene 5087. 3o70. 1912, 1225, 805.5 542.4
p~-Xylene 3933, 2392, 1500. 967.0 639.7 433.1
Cyclohexane 336.7 230.2 161.1 115.2 84.04 62,39
Methyleyclo- ‘
hexane 605.9 401.6 273.1 190.0 135.1 - 97.86
Tetrahydrofuran 460.0 306.8 209.5 146.5 104.6 76.10
Thiophene §79.3 388.5 267.0 18%.7 134.7 98.46
Acetone 108.7 71,53 56.46 41,91 31,66 24,30
Methyl Ethyl
Ketone 299.8 202.7 140.4 99.40 71.81 52.84
Methyl Propyl
Ketone 743.4 478.6 316.6 2147 + 1489 105.5
Methyl Butyl
Ketonz 2115, 1290. 810.9 524.2 347.6 236.0
Acetylacetone 1964. 1234. 797.8 530.0 360.0 250.1
Methylene
. Chloride 130.6 93.09 67.75 50,29 37.93 29.09
Chloroform 364,7 245.1 169.6 119.7 86.26 63.31
~ 1=Chloropentane 983.3 627.9 4121 2114 191.0 134.4
u-Butyronitrile 632.7 415.8 280.5 193.7 136.7 98.41
n-Valerouitrile 1837, 1138. 726.0 475.8 319,7 219.6
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TABLE 57. Slopes m, Intercepts b, and Linear Regression Correlation C eff_ifients r for
van't Boff Plots of Ln VO of Listed Probe-Solutes of Table 56 Against 10° T with Bulk
ARCO Poly bd X-20LM K-45M |

Probe Solute m -b | r
n-Pentane 2.901 5.659 0.9997g
n-Hexane 3.467 6.448 0.9998,
n-Heptane 4.020 7.21¢€ 0.9998;
n-Octan2 4.5717 8.004 0.9998,
3-Methylpentane 3.276 6.028 0.9997
2,3-Dimethylpentane 3.723 6.586 - 0,9998,
3-Methylhexane 3.812 6.316 ().99972
3-Methylheptane 4.352 7.585 0.99975
1-Hexene 3.421 6.293 0.9997 1
1-Heptene 3.970 7.053 0.9998,
1-Octene 4,542 7.898 0.9999,
Benzene 3.722 6.123 0.9997
Toluene 4.283 6.869 0.99983
Ethylbenzene 4.617 7.102 0.9999;
o-Xylene 4.793 7.275 0.9999,
p-Xylene 4.725 7.308 0.9999,
Cyclohexane 3.609 6.087 0.999?8
Methyleyciohexane 3.904 6.470 0.9998,
Tetrahydrofuran 3.852 6,576 0.9999,
Thiophene 3.795 6.155 0.9998
Acetone 3.208 9894 0.89984
Methyl Ethyl Ketone N7 6.558 0.9999,
Methyl Propyl Ketone 4,182 7.183 0.3999,
Methyl Butyl Ketone 4.696 7.833 0.9999¢
Acetylacetone 4.412 6.971 0.9999,
Methylene Chlorvide 3.215 5.735 0.9999,
Chloroform 3.749 6.468 0,9998,
1-Chloropentane 4.262 7.169 0.9898¢g
n-Butyroniteite 3.984 6.093 0.9999,
n-Valeronitrile 4,548 7.487 - 0.,9999




TABLE 53. Smoothed (van't Hoff) Specific Retention Volumes v2/em3 g'l for Listed
Probe Solutes at Indicated Temperatures with Sartomer R20LM R-45M

0 3 -1
Vg/cm g
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 39.54 29.99 23.15 18.14 14.42 11.62
n-Hexane 117.0 83.61 61.01 45.37 34.33 26.39
. n-Heptane 336.5 . 227.0 156.9 110.8 79.93 58.72
n-Octane 957.7 609.5 398.9 267.8 184.0 129.2
3-Methylpentane 95.83 69.38 51.25 38.54 29.48 22.89
2,3-Dimethyl-
pentane 239.1 165.3 116.9 . 84.38 62.09 46.49
3-Methylhexane 2535,2 174.6 122.3 87.53 63.87 47.44
3-Methylheptane 701.4 453.6 301.4 205.2 142.9 101.6
1-Hexene 121.0 86.32 62.87 46.67 35.25 27.05
1-Heptene 343.4 232.1 160.7 113.7 82.13 60.42
1-Octene 966.9 617.3 405.2 272.8 187.9 132.2
Benzene 430.7 292.4 203.3 144.5 104,7 77.33
- Toluene - 1288, 825.0 542.9 366.3 252.9 178.3
Ethylbenzene 3050, 1892, 1249, 793.7 533,9 367.3
o-Xylene . 4689, 2843. 1758, 1144, 795.0 510.2
p-Xylene N 3557, 2181, 1378, 895.4 $96.5 406.6
Cyclohexane ' 278.3 194.2 138.6 101.0. 74.91 §6.52
Methyleyelo-
hiexane - 405.9 336.1 233.3 165.6 119.9 88.39
Tetrahydrofuran 447.6 - 3013 | 207.9 146.7 105.6 77.44
Thiophene .~ 553.8 372.2 256.4 180.6 129.9 95.14
Acetone 118.6 82.74 60.49 45.06 34.12 26.28
Methyl Ethyl ‘
Ketone 307.8 209.4 145.9 103.9 75.45 55,79
- Methyl Propyl -
Keatone 751.0 . 487.0 324.3 221.3 154.4 110.0
Methyl Butyl S
- Ketoie™ 2132, 1305. 823.9 534.6  355.7 242.2
Acetylacetone 2062, 1288. 828.7 547.3 370.3 256.2
' - Methylene :
. B Chloride 132.7 94.1% 68.27 50.44 37.94 29.00
. Chlaroform 371.5 248.9 170.9 120.0 86.08 62.89
1-Chloropeitane 881.7 569.5 377.9 257.1 178.8 127.0
. n-Butyronitrile 7214 489.1 313.3 214.4 150.0 107.1
n-Valeronitrile - 2006. 1242, 791.7 $18.6 348.2 239.2
© 1,2-Dimethoxy-

ethane 621.1 402.6 268.1 183.0 127.7 90.90
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TABLE 59. Slopes m, Intercepts b, and Linear Regression Correlation Coei‘figients r for
van't Hoff Plots of Ln Vg of Listed Probe-Solutes of Table 58 Against 10 11 with
Sartomer R20LM R-45M :

Probe Solute m -b r
n-Pentane 2.622 4.973 0.9988¢
n~Hexane 3.188 5.756 0.9992,
n-Heptane 3.738 6.513 0.99940
n-Octane 4.289 7.285 0.999%4g
3-Methylpentane 3.066 5.552 0.99967
2,3-Dimethylpentane 3.507 6.090 0.9997,
3-Methylhexane 3.603 6.342 0.999?7
3-Methylheptane 4,137 7.095 0.9997g
1-Hexene 3.208 5.785 0.99534
1-Heptene 3.720 6.433 0.93946
1-Octene 4.260 7.179 0.9995,
Benzene 3.677 6.064 0.9996,
Toluene 4.236 6.811 0.9998,
Ethylbenzene 4.532 6.927 - 0.99994
o-Xylene 4.750 7.215 , 0.9999,
Cyclohexane 3.413 - §5.630 - 0.99968
Methyleyelohexane - - 3693 -5.974 - 0.9997
Tetrahydrofuran C o356 6,287 0,999,
Thiophene coo.am 6.124 09998,
Acetons S oo3an oS00 0.9999,
Mathyl Ethyl Ketone . 3,687 6,334 10,9998,
Methyl Propyl Ketone 4.113 3.94% 0,99984
Methyl Butyl Retone 4,657 . ek 0.9998,
Acetylacetone 4466 7098 . 09993,
‘Mathylene Chioide 3457 5888 . 0.9997,
-y, Chloroform - 3.803 6.626 . 09998,
.. 1-Chlaropentane ct 4,149 0 6,906 - 0.998%5..
- n-Butyroniteite €085 883 09999,
n~Valeronitrile S 48537 .48 " 10,9999,
1,2:Dimethoxy~ el
- ethane - - O et - 41 o 0,9999
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TABLE 60. Smoothed (van't Hoff) Specific Retention Volumes v9/em? g'1 for Listed
" Probe Solutes at Indicated Temperatures with Sartomer Lot 40 R-45%d

0 3 -1
Vg/cm g )
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane | 52.54 38.59 28.89 22.01 17.04 13.38
n-Hexane 157.2 108.7 76.95 55.59 40.93 30.66
n-Heptane 456.4 298,3 200.2 . 137.6 96.70 69.32
n=Octane 1321, 812.4 514.8 - 335.3 224.0 153.0
3~Methylpentane 1284 90.14 64.67 47.33 35.27 26.73
2,3~Dimethyl- 7 _
pentane . 322.5 216.9 149.4 105.3 75.75 55.51
$-Methylhexane 345.2 229.3 156.2 109.0 77.56 56.30
3-Methylheptane 951.9 - 603.4 389.5 258.2 175.3 121.6
1-Hexene 158 108.1 76.77 55.65 41.10 30.88
1-Heptene : 451.7 296,0 199.2 137.2 96.61 62.39
-1-Octene 1288, 7974 508.5 333.2 223.8 1537
Benzene 4819 3240  223.2 1573 113.1 82.85
Toluane 1478, 934.5 607.9 405.7 277.3 193.6
Ethylbenzene RETTN 2216, 1382, 886.6 583.8 393.6
o-Xylena 5562, . 3302, 2024, 1278, 828.5 - 550.6
p-Xylene 4203. 2530, 1571, 1004. 658.5 442,3
Cyclohegane L3612 246.0 171.6 122.3 88.92 65.82
Methyleyelo~
hexane 654.4 432.1 292.7 203.0 143.8 1039
Yetrahydrofuran 409.3 273.8 1817 131.7 9430  68.81
Thiophene 584.4 391.1 268.4 188.3 1349 98.51
Acetone 92.83 - 65.83 47.69 35.22 2648  20.23
Methyl Ethyl ' _ '
. Ketone 258.1 174.4 120.8 85.52 61.77 45.45
" Methyl Peopyl
Ketone 649.7 417.8 276.0 187.0 129.6 91.68
Methyl Buty! :
Ketone 1878, 1139, 1S 458.4 302.6 2045
. _hcetylacetone 1761, 1095. 701.2 4613 310.9 214.3
| Methylene
- Chlovide 124,9 89,02 64.78 48.04 36.26 27.80
Chloroform 3411 2313 160.7 114.1 82.66 60.98
~ 1-Chloropentane 996.7 637.2 418.7 282.2 194.6 1371
n-Butyronitrile 525.5 345.1 2326 160.5 113.2 81.43
n-Valeronitrile 1514. 942.1 603.7 - 397.3 267.9 184.7
1,2-Dimethoxy-
ethane 555.0 356.0 234.7 158.7 109.7 77.51
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TABLE 61. Slopes m, Intercepts b, and Linear Regression Correlation Coeffigient r for
van't Hoff Plots of Ln VO of Listed Probe-Solutes of Table 60 Against 10° T~ with

Sartomer Lot 40 R-45M

Probe Solute m -b r
n-Pentane 2.930 5.702 0.9998,
n-Hexane 3.500 6.488 0.9999¢
n-Heptane 4.035 7.188 0.9999,
n-Octane 4.615 8.038 0.9999,
3-Methylpentane 3.361 6.231 0.9999 4
2,3-Dimethylpentane 3.767 6,651 0.9998
3-Methylhexane 3.883 6.964 0.9999%,
3-Methylheptane 4.427 7.736 0.9999,
1-Hexene 3.464 6.380 0.9999,
1-Heptene 4.011 7.118 0.9999,
1-Octene 4.552 7.854 0.9999,
Benzene 3.770 6.258 0.9999¢
Toluene 4.352 7.058 0.99996
Ethylbenzene 4,778 7.583 0.9999,
o-Kylene 4.952 7711 . 0.,9998,
p-Kylene 4,321 1,959 0.9999,
Cyclohexane 3,645 6,135 - 0.9999,

- ‘Methyleyclohexane 3,940 6,513 G.9993,
Tetrahydrofuran J.018 6,580 0.9999,
Thiophene - 3812 6.205 0.9999,
Acetone 3.263 6,231 0.9998,
Methyl Ethyl Ketone 3.1 6.712 0.9999,
Mathyl Propyl Ketcne - ¢.193 1.354 0.9999,
Methyl Butyl Ketoue 4,748 8.124 0.9899g
Acetylacetone 4,509 7.401 - 0,9999,
Methylene Chioride 3.218 5.186 - 10,9999,
Chloroform 3.686 6.327 . 0.99\397 ‘
{=-Chioropentane 4.248 7407 . 0.0999,
n-Butyronitrile ' 3,993 €.908 0.9999,
n-Valeroaitrile 4.504 7.536 0.9999g

1,2-Dimethoxy-
ethare 7 4.215 7,585 0.9999¢
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TABLE 62. Smoothed (van't Hoff) Specific Retention Volumes VO/em3 g'l for Listed
Probe Solutes at Indicated Temperatures with Sartomer Lot 42B rR-F5M

o 351
Vg/cm g
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 52.80 38.81 29.07 22.16 17.16 13.49
n-Hexane 157.4 109.0 77.21 55.83 41.14 30.84

. n-Heptane 459.7 299.3 200.1 137.0 95.96 68.56
n-Octane 1312, 808.7 513.6 335.2 224.3 153.5
3-Methylpentane 128.1 90.19 64.90 47.63 35.60 27.05
2,3-Dimethyl- ‘
pentane 320.7 215.9 148.9 105.0 75.58 55.42
3-Methylhexane 343.1 228.6 156.2 109.2 77.93 56.69
3-Methylheptane 953.5 599.8 388.3 258,1 175.6 122.1
1-Hexene 156,0 108.3 76.96 55.81 41,24 30.99
1~Heptene 450,5 295.4 198.9 137.1 96.57 69.39
1-Octene 1279, 793.0 506.3 332.1 223.2 153.5
Benzene 482.0 324.8 224,2 158.3 1141 83.72
Toluene 1472, 933.1 608.4 407.1 278.8 195.1
Ethylbenzene 3598, 2190, 1375, 887.2 587.4 398.1
o-Xylene 5358. 3211, 1987, 1266. 827.6 554.3
p-Xylene 4096, 2483, 1553. 999.1 659.4 445.6
Cyelohexane 361.8 246.4 1719 122.5 89.06 65.92
Methyleyelo- : e '
hexane 653.2 431.3 292.3 202.7 143.6 103.8
Tetrahydrofuran 411.2 275.5 189.9 132.9 95.32  69.66
Thiophene 584.9 391.7 268.9 188.8 135.3 98.84
Acetone 96.49 66.35 49,22 36,24 27,16 20.69
Methyl Ethyl

Ketone 263.7 177.8 122.8 86.75 62,53 45.92
Methy! Propyl

Ketone 658.4 423.0 279.3 189.0 130.9 92.56
Methyl Butyl

Ketone 1878, 1142, 716.8 462.7 306.4 207.7
Acetylacetone 1754, 1096. 705.1 4685.7 315.2 218.0
Methylene :

‘ Chloride 126.3 90.04 65.59 48.64 36.72 28,17
Chloroform 348.9 235,7 163.2 115.5 83.39 61.34
1-Chlorepentane 1007, 641,6 420.5 282.7 194.5 136.6

) n-Butyronitrile 534.3 350.9 236.5 163.2 115.1 82.80
n-Valeronitrile 1530, 953.2 6117 403.1 272.2 187.9
1,2-Dimethoxy-

ethane 560.9 - 35943 216.6 159.7 110.3 17.84
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TABLE 63. Slopes m, Intercepts b, and Linear Regression Correlation Coeffi ien_tf r for
van't Hoff Plots of Ln Vg. of Listed Probe-Solutes of Table 62 Against 10° T with
Sartomer Lot 42B R-45M ~

Probe Solute m - b r
n-Pentane 2.922 5.674 0.99994
n-Hexane 3.490 6.455 0.9999,
n-Heptane 4.074 7.309 0.9999,
n-Octane 4.593 7.973 0.9999,
3-Methylpentane - 3.330 6.131 0.9998,
2,3-Dimethylpentane 3.759 6.629 0.9998¢
3-Methylhexane 3.855 6.879 0.9998,
3-Methylheptane 4.400 7.653 0.9998g
1-Hexene 3.460 6,363 0.9999,
1-Heptene 4,005 7.102 0.9999,
1-Octene 4,541 7.824 0.99994
Benzene 3.748 6.186 0.99995
Toluene 4.327 6.979 0.99993
Ethylbenzene 4.714 7.361 0.99994
o-Xylene 4.856 7.433 0.99994
p-Xylene 4.750 7.350 0.99999
Cyclohexane 3.646 6.135 0.9998,
Methylcyelohexane 3.939 6.512 = . 0.99984
Tetrahydrofuran 3.801 6.521 0.9999,
Thiophene 3.807 6.186 0.9999,
Acetone 3.297 6.306 0.9999,
Methyl Ethyl Ketone 3.742 6,771 0.9999,
Methyl Propyl Ketone 4,201 7.36% 0.99994
Methyl Butyl Ketone 4712 8.008 0.9999¢
Acetylacetone 4,465 7.258 0.9999,
Methylene Chlovide 3.213 5,759 0.99984
Chloroform 3122 6,423 0.99990
1-Chloropentane 4.278 7.180 0.99999
n-Butyroniteile 3.992 6.888 0.9999,
n-Valercnitrile 4,490 7478 0.9999g
1,2~Dimethoxy-~

ethane 4,229 7.620 0.99994
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TABLE 64. Smoothed (van't Hoff) Specific Retention Volumes V°/cm3 g-"1 for Listed
Probe Solutes at Indicated Temperatures with Sartomer Lot ACH V004 R-45M

o 3 -1
vg/cm g
30°C 40°C 50°C 60°C 70°C 80°C
n-Pentane 52.59 38.64 28.94 22.06 17.08 13.42
n-Hexane . 156.5 108.3 76.67 55.42 40.82 30.60
. n-Heptane 454.8 296.8 198.8 136.5 95.74 68.53
n-Octane 1304, 803.5 510.2 332.9 222,7 152.4
3-Methylpentane 127.5 89.74 64.53 47.33 35.35 26.84
2,3-Dimethyl-
pentane 317.9 214.2 147.9 104.4 75.19 55.18
3-Methylhexane 341.3 227.4 155.3 108.6 77.49 56,37
3-Methylheptane 946.6 595.9 386.0 256.7 174.8 121.6
‘1-Hexene 155.2 107.6 76.27 55.20 40.711 30.54
1-Heptene 447.6 293.3 197.2 135.8 95.61 68.65
1-Octene 1279, 790.6 503.5 329.4 220.9 151.6
Benzene 479.0 322.0 221.8 156.3 112.4 82,34
Toluene 1461, 925.3 602.8 402.9 275.7 192.7
Ethylbenzene 3594. 2180. 1363. 8717.3 579.2 391.5
~ o~Xylene 5497, - 3252, 19088. 1252, 809.4 536.6
p=Xylene 4193. 2512, 1553, 988.7 646.1 432.5
- . Cyclohexane . 359.5 244.4 170,2 121.1 87.91 64.98
Methyleyclo- ' ‘
hexane 650.3 428.7 290.1 200.9 142.1 102.6
.. Tetrahydrofuran 422.9 281,0 1915 133.5 95,11 69.05
~~. Thiophene §77.1 386.0 264.7 185.6 132.9 97.01
Acetone 94.38 67.25 48.94 36.29 27.39 21.01
. .Methyl Ethyl
Ketone 264.0 177.8 122.8 86.65 62.41 45.80
Methyl Propyl
Ketone 663.6 425.2 280.1 189.2 130.7 92.24
Methyl Butyl
Ketone 1905, 1154, 721.0 463.4 305.6 206.3
Acetylacetone 1780. 1103. 704.2 461.8 310.4 213.4
Methylene
. Chloride 124.5 88.51 64.29 47.60 35.87 27.46
Chloroform 343.6 231.6 160.0 113.0 81.41 §9.77
1-Chloropentane 1005, 6374 416.0 278.6 190.9 133.7
n-Butyronitrile 538.1 351.6 235.8 162.0 113.8 81.52
n-Valeronitrile 1561, 963.3 612.4 400.1 267.9 183.5
1,2-Dimethoxy~
e’ Yane 564.8 361.8 238.2 160.8 1111 78.34
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TABLE 65. Slopes m, Intercepts b, and Linear Regression. Correlation Coeffiﬁien_tf r for
van't Hoff Plots of Ln VS of Listed Probe-Solutes of Table 64 Against 10° T with
Sartomer Lot ACH V004 RE45M

Probe Solute m -b r

n-Pentane 2,925 5.686 0.9997,
n-Hexane 3.495 6.475 0,99984
n-Heptane 4.052 7.248 0.99987
n-Octane 4.596 7.987 0.9999,
3-Methylpentane 3.337 6.161 0.99985
2,3-Dimethylpentane 3.750 6.608 0.9999,
3-Methylhexane 3.856 6.887 0.99990
3-Methylheptane 4,394 7.641 0.9999,
1-Hexene 3.481 6.439 0.99992
1-Heptene 4.015 7.139 0.9999 4
1-Octene 4,567 7.910 0.9999,
Benzene 3.770 6.265 0.9999,
Toluene 4,337 7.021 0.9999,
Ethylbenzene 4,747 7.471 0.99994
o-Xylene 4,982 7.823 0.9999,
p-Xylene 4,863 7.703 0.9999g
Cyclohexane 3.663 6,198 0.9999 4
Methyleyclohexane 3.955 6.568 0.9999,
Tetrahydrofuran " 3.880 6,753 0.9998,
Thiophene 3.818 6.236 0.9999g
Acetone 3.217 6.065 0.99979
Methyl Ethyl Ketone 3.751 6.797 0.99994
Methyl Propyl Ketone 4.225 7.440 0.9999,
Methyl Butyl Ketone 4,759 8.148 0.9999¢
Acetylacetone 4.542 7.498 0.9999,
Methylene Chloride 3,236 5.850 0.99994
Chloroform 3.745 6.514 0.99998
1-Chloropentane 4.318 7.331 0.99994
n-Butyronitrile 4,041 7.041 0.99999
n-Valeronitrile 4.584 7.76% 0.99994

1,2-Dimethoxy-
ethane 4,230 7.618 0.9993,
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FIGURE 23. Fractionation pattern obtained for Sartomer R20LM R-45M.
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FIGURE 26. As in Figure 25; Sartomer Lot 42B R-45M,
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TABLE 66. Constants and Linear Least-Squares Regression Correlation Coefficients r of
Nomographic Equations Relating Solut% Retention to R-45M Stationary-Phase Number-

Average Molecular Weight: Vg =b +10*m/M,

Solute T/°C b m r

Methyl Ethyl Ketone 70 $1.082 2.7571 0.984
80 36.447 2.1922 0.986

Acetylacetone 40 1028.4 29.767 0.985
50 643.48 21.267 0.989
60 414,33 15.312 0.984
70 273.61 11,150 0.977

Butyronitrile 50 223.47 8.5264 0.995
60 150,18 6.2046 0.997
70 103.35 4.5705 0.990
80 72.658 3.4187 0.980

Valeronitrile 40 930.06 30.384 0.980
80 579,74 20,677 0.999
60 371.62 14.354 0.994
70 244.48 10.137 0.976 .

presented in Tables 67-75. The relations were used with the retentions to calculate the
molecular weight of each fraction. The results are provided in Tables 76-84, and are
grouped both by solute as well as by temperature. The data are also shown graphically in
Figure 28. The various probe-solutes give quite good agreement for the molecular weights
of the fractions, which were found to range from ca. 900 Da (1A) to ca. 12000 Da (5A).
The bulk averaged ca. 1100 Da. .

Density Determination of Fraction Molecular Weights., It will be recalled from
previous work that the density of R-45M was found to correlate with its number-average
molecular weight. Shown in Figure 29 is the regression of density against fraction number;
the error bars correspond to & 0,002 g em ™, the estimated error on the measurements. As
shown, within these limits one could draw virtually any line-shape, that is, the density data
were Insufficiently accurate to permit quantitative determination of the fraction
molecular weights, (The density observed for fraction 4A is clearly very discrepant.)
Even so, density measurements are nevertheless an excellent way of detecting gross
differences between bulk lots of R-45M, '

TABLE 67. Smoothed (van't Hoff) Specific Retention Volumes vo/em® g"" and Linear
Least-Squares Correlation Coefficients r for Listed Probe Solutes gt Indicated Tempera-
tures with Fraction 1A of Sartomer R20LM R-45M

\,'glcrsm3 gt
40°C 50°C 60°¢C 70°C 80°C r
Methyl Ethyl :
Ketone : 79.43 58.88 (1.0)
" Acetylacetone 1323. 861.1 §75.2 393.4 0.9999g
Butyronitrile - 315.5 219,8 156.5 113.5 0.99994
Valeronitrile 12486. 8040 5325 361.3 0.9999,
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TABLE 68. Asin Table 67; Fractipn 1B

Vg/em3 g1
40°C 50°C 60°C 70°C 80°C r
’ Methyl Ethyl '
Ketone 78.40 58.00 (1.0)

. Acetylacetone 1299, 843.1 561.5 383.0 0.9998,
Butyronitrile 307.9 214.6 152.8 110.9 0.9099¢
Valeronitrile 1229. 790.6 522.2 353.4 0.99993

TABLE 69. As in Table 67; Fraction 2A
Vg/cm3 g}
40°C 50°C 60°C 70°C ge°c_ __ v
Methyl Ethyl R
Ketone 68,37 51,36 (1.0) -
Acetylacetone 1213. 76,5 510.7 344.1 - 0.9999, ’
Butyronitrile 273.0 189.0 1337 9448 0.9997,
Valeronitrile 1111, 706.8 462.1 309.7 ' - 0.9999 6.
TABLE 70. As in Table 67; Fraction 2B
) | Vg!ema g1 | |
10°C 59°C go*c . _T0°C 80°C 3
Methyl Ethyl -

. Ketone 67.20 49.53 (1.0)
Acetylacetone 1181. 754.0 494.7 332.6 - 0.9999g
Butyronitcile 269.3 184.7 129,5 92.63 0.9998,
Valeronitrile 1085. 688.2 4485  299.6 0.9999,
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Methyl Ethyl
Ketone

Acetylacetone
Butyronitrile
Valeronitrile

- Methyl Ethyl
Ketone

Acetylacetone
Butyronitrile

! 'Valema_lt:fﬁe. i

Methyl Ethyl
Ketone

Acetylecetone

Butyeonitrile
Valeronitrile

TABLX 71. Asin Table 67; Fraction 3A
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o 3 -1
Vg/cm g
40°C 50°C 60°C 70°C 80°C r
61,97 45,84  (1.0)
1085. 694.7 456.7 307.6 10.9999,
240.3 165.8 117.0 84.15 . 0.3999g
958.1 611.4 . 400.8 269.3 0.99994
TABLE 72. Asin Table §7; Fraction 3B .
¥§/cm3 g"lrﬂ |
40°C 50°C 6G°C . 70%C 80°C r
T v 60.96 44,52 (1.0
1069, 6858 452,0 305,2 0.99994
. 2304 161.8 114.8 82,96 0.59994
TP 8046 3975 67,9 0.99994
© " TABRLE 73. A3 in Table 67: Fraction 4A
07,3 ~1
| - .\'g/cm g
40°C 50°C . §0°C 70%C gu°c ¢
60.61 43.82  (1.0)
1074, 685.5 449.6 302.3 0.99999
: 237.0 163.0  114.6 82.24 0.99994
951,1 607.1 398.1 267.5 0.9999,




TABLE 74, As in Table 67; Fraction 4B

Vg/cm3 gl
40°C 50°C 60°C 70°C 80°C r
Methyl Ethyl
Ketone 56.87 42.44 (1.0)
Acetylacetone 995.4 638.5 420.6 283.9 ().99!?,81
Butyronitrile 212.0 148.3 105.8 77.01 0.9999,
Valeronitrile 872.6 555.9 363.9 244.1 0.99963
TABLE 75, Asin Table 67; Fraction 5A
vg/em3 g1
40°C §0°c 60°C 10°C 80°C r
Methyl Ethyl
Ketone 56.82 41.53 (1.0)
Acetylacetone 968.9 619.0 406.3 273.2 0.99996
Butyronitrile 1.7 147.2 104.5 75.66 0.9999,
Valeronitrile 830.3 530.7 348.5 234.5 . 0.9393'9

TABLE 76. Number-Average Molecular Wéights of Indicated Frastions of Sartomer
R20LM R-45M Determined from Reteations of Methyl Ethyl Ketone Solute at 70-80°C

| Mn/Dav
Fraction 70°C 80°C . Ave,
1A o ares 9729 97127
18 _ 1009. © 1013, 1011,
24 . 1576. 1463. 1520,
2B - 1710, 1667, 1689,
3A - - -
3B ~ - -
4a - - -
4B A - - -—
SA T e — -

Bulk R20LM 13t 1133. . 1132,
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TABLE T7. As in Table 76; Acetylacetone Solute at 40-70°C

108

M,/Da
Fraction 40°C 50°C 60°C 70°C Ave,
1A 1011. 977.2 951.7 930.8 967.7
1B 1099. 1065. 1040. 1020. 1056.
24 1615. 1599. 1590. 1581. 1596.
2B 1956. 1925. 1906. 1889. 1919.
3A 5213. 4153. 3617. 3277, 4065.
3B - 5028. 4071. 3532. 4210
4A 6576. 5063. 4340, 3894, 4968,
4B 9023. - - 10800, 9912.
54 11580. - - 12200, 11890.
Bulk R20LM 1147, 1148. 1152, 1153, 1150,
TABLE 78. As in Table 76; Butyronitrile Solute at 50~80°C
Mn/l)a
Praction S0°C 80°C 10°C 80°C Ave,
1A . - 926.8 8906 860.4 836.3 878.5
1B 1010. 962.5 923.7 893.2 847.4
ea 1723, 1598, 1505, 1435, 1585,
28 1860, 1797. 1749, 1. 1780,
34 ©osps2. 3984, 1356, 2974, 3944,
3B - 5285, - 4001 3318, 4201,
4A §315. 4826, 4047. 3567, 4689,
5A - - - 11410, 11410.
Bulk R20LM 949.2 966.2 979.8 992.6 972.0




TABLE 7%. As in Table 76; Valeronitrile Solute at 40-70°C

Mp/Da

Fraction 40°C 50°C 60°C 70°C Ave.
1A 961.3 922.1 892.1 867.7 910.8
1B 1016. 980.6 953.0 930.6 970.1
2A 1881, 16217, 1586, 1554, 1612,
2B 1958. 1907. 1868. 1837, 1893,
3R - - - 4332, 433,
4A - - 5425, 4397, 4911,
4B - - - - -
5A - - 13010. - 13010.
Bulk R20LM 974.0 977.9 976.6 977.3 976.5

TABLE &0. 'Ndeer—Average Molecular Weights of Fractions of Sartomer R20LM R-45M
Determined from Retentions of Indicated Probe-Solutias at 40°C

Mn/Da-
Acetylacetone Valeronitrile

Fraction Solute Solute Ave.
1A 1011, . 961,3 0862
1R 1099, 1016, © 1058,
24 | 1615, 1681, 1648,
2B 1956, 1958, 1957,
3A 5213, - 5213,
3B - - —
4A 6576, - 6576.
4B 9023. - A 9023.
5A 11580, — 11580.

Bulk R20LM 1147, 974.0 1061,




TAELE 81. As in Table 80; 50°C

M,/Da
Acetylacetone Butyronitrile Valeronitrile
Fraction Solute Solute Solute Ave,
1A 977.2 926.8 922.1 942.0
iB 1065. 1010. 980.6 1019,
2A 1599. 1723. 1627, 1650,
2B 1925. 1860. 1907. 1897,
3A 4153. 5082. - 4618.
3B 5028. - - 5028.
4A 5063. 6315. - 5689.
4B - 7455. - 7455.
5A -— - - —_
Bulk R20LM 1148, 949.2 1148. 1025.
TABLE 82. As in Table 80; 60°C
| | 7 Mn/Da
Acetylacetone Butyronitrile Valeronitrile

Fraction So]ute Solute Solute Ave,
1A CesLT 890.6 '. 892.1 911.5
1B 1040, : 962.5 : 953.0 985.2
24 . 1590. 1598, 1586, 1591,
28 ; : -1906. _ 1797, 1868. 18517,
34 36117, 3964, — 3191,
38 4071, 9285, - 4678.
LYY 4340, 4826, 5425, 4864.
4B — — — —
Bulk R20LM 1152, 966.2 976.6 1032.

110




TABLE 83. Asin Table 80; 70°C

M,/Da
Methyl Ethyl Acetylacetone Butyronitrile Valeronitrile
Fraction Ketone Solute Solute Solute Solute Ave,

° 1A 972.5 930.8 860.4 867.7 907.9
1B 1009. 1020. 923.7 930.6 970.8
2A 1576. 1581, 1505. 1554, 1554,
2B 1710. 1889. 1749. 1837, 1796.
3B -— 3532. 4001, 4332. 3955.
4A. — 3894, 4047, 4397, 4113.
4B -— 10800. -— — 10800.
5A -— 12200. -_ - 12200.
Bulk R20LM 1131, 1153. 979.8 977.3 1065.

TABLE 84. Asin Table 80; 80°C

Mn/Da ‘
Methyl Ethyl Butyronitrile

Fraction Ketone Solute Solute Ave.

1A 972.9 836.3 904.6

1B 1013. 893.2 953.1

2A 1463. 1435. 1449,

2B 1667. 1712, 1690,

3A | - 2074, 2974,

4A - 3561, 35617,

48 - 7853. 7853,
. 54 - 11410, 11410.

Bulk R20LM 1133. 992.6 1063,

111




Mn

10000 -

o¢ v v | v v 1§ ¥ . 4  } v v '} —y

1A 1B 2A 2B 3A 3B 4A 4B 5A
Fraction

' FIGURE 28, Number-average molecular weights of R-45M fractions from
Inverse GC data of Tables 80-84.
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FIGURE 29. Regression of density against fraction molecular weight.
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Gel-Permeation Chromatographic Determination of Fraction Molecular Weights,
The GPC calibration plot of log M, against Vp is shown in Figure 30, where the R-45M
standards were the ARCO X series, described in previous work, and toluene. There is
some scatter in the data; nevertheless, linear regression (r = 0.98) gave the equation: log
Mp = 6.405 - 0,222 Vg. The fraction molecular weights determined with this relation and
their retention volumes are provided below in Table 85, where a comparison with the
averages of the GC data is also made. There was some doubt about the GPC molecular
weights of fractions 4A, 4B and 5A due to multiple peaks observed for each, Those for
fractions 4A and 5A are shown in Figures 31 and 32 as illustrations. The remaining data
are in reasonable agreement with those observed by inverse gas chromatography.

Overall, it was shown in this portion of the work that the inverse GC method does
indeed offer a means of assessing the stationary-phase molecular weight. However,
there is some temperature~-dependence of the data, as shown in Tables 80-84, Greater
accuracey is therefore gained when the molecular weights of lots of R-45M are calculated
from the averages of those derived from the probe-solute retentions at several
temperatures.,

TABLE 85. Comparison of Inverse GC (Tables 80-84) and GPC Number-Average
Molecular Weights for Indicated Fractions of Sartomer R20LM R~45M

| M,/Da
Fraction GC GPC
1A 932.4 940,2
1B 996,1 1067,
24 1573. 1422,
2B 1787, -
3A 3996, -
3B 4206, -
4A 4856, (3925.)
4B 8783, (4025.)
S5A 12103, -
Bulk R20LM 1058. 1247.
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FIGURE 30. GPC nomograph of log M, agalnst Vp for ARCO R-45M standards
and toluene, ‘ !
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FIGURE 31. GPC pattern obtained for fraction 4A of Sartomer R20LM R-45M.




FIGURE 32. Asin Figure 31; fraction 5A.
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Fraction Hydroxyl Content. The concentrations used to define the hydroxyl-
content nomograph constructed with the stand%rd 6-undecanol are provided in Table 86.
The values ranged from 20 up to 100 meq dm™, A plot of the results is then shown in
Figure 33. The equation of the straight line is: Y = 1,5566X + 14.63; with a correlation
coefficient of at least 0.999. The finite intercept is consistent with that found in
previous gvork That is, the method is applicable to hydroxyl values of no less than ca. 20
meq dm

As a test of the goodness of fit of the data, as well as the overall applicability of
the method, the ARCO standards comprised of the "X" series, 10LM, 14LM, 20LM, 25LM,
and 120HM, were also run. The reported (Hinney, et al., loe. cit.) and measured hydroxyl
values are provided in Table 87, The agreement is reasonably satisfactory.

The hydroxyl contents of the Sartomer R20LM fractions, obtained as described
above, as well as those of R-45M samples obtained later from AL, are reported in Table
88. The former data2 are shown plotted in Figure 34, and regress according to the
relation: Y = 0,02176X“ - 0.4248X + 2.447.

Phase II, Task 2. GLC Determination of Hydroxyl Content

Hydroxyl-Content Independence of Retentions of Molecular-Weight Probe
Solutes. In seeking to establish a set of probe-solutes whose retentions are sensitive to
hydroxyl content, molecular-weight effects must of course also be accounted for. That
is, changes in M could be mistaken for changes in OH content unless a method can be
derived that takes the former into consideration. As a corollary, the molecular-weight
probe solutes should of course be independent of hydroxyl content, for the same reason.
As it happened, three lots of R-45M were to hand with which these criteria could be
evaluated for given sets of solutes. :

Table 89 presents the retentions of the two most useful molecular-weight marker
solutes, butyronitrile and valeronitrile, at the three best temperatures, 50-70°C, with
three batches of R-45M, Lots 40, ACH V004, and 42B. Also given are the hydroxyl
contents and molecular weights of the materials. (Recall that the solvent-extraction
patterns of the materials, Figures 25-27, were nearly identical)) As shown, the
retentions of the solutes at each temperature fall to within an experimental error of at
worst ca, t 1.5%. It is also fortunate that n-alkyl nitriles turn out to be useful as marker
solutes, since homologous series behavior (e.g., regressions against carbon number) and
the employment of retention indices thereby become possible (see later). There is in any
event little question that the retentions of these solutes are dependent upon the solvent
molecular weight, but are independent of the solvent hydroxyl content.

Further confirmation of the accuracy with which the nitriles reflect molecular
welght is provided in Tabie 90, which gives the retentions of the solutes with the ARCO
X series of standards, AJso shown are the linear least-squares correlation ccefficients, r,
for the regressions of V., against Mn » Which should be straight lines, The correlations
are exact at 50°C, altlﬁ:ugh fall off somewhat at1 70°C. Note also that the ll ydroxyl
contents of the prepolymers run from 1.73 meq g =~ for X-10LM to 0.59 meq g = for X-
120HM, that is, fall by a factor of 3, yet the retention/molecular-weight correlations
still hold. That Is, the retentions are dependent upon the molecular weight, but are
{ndependent of the hydroxyl content.
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TABLE 86. Amounts of 6~Undecanol Standard Employed for FT-IR Nomographic
Determination of Hydroxyl Content of Samples of R-45M

Hydroxyl 6-Undecanol
Content/meq dm™ Concentration/meq g~
19.994¢ 417.8
38.894 73.7
58.386 104.2
81.347 141.9
99.767 170.8

TABLE 87. Test of Accuracy of FT-IR Nomographic Determination of Hydroxyl Content
with ARCO "X" Series of R~45M

Hydroxyl Content/meq g~}

Sample Claimed Found
X-10LM 1.75 1.69
X-14LM 1.43 1.36
X-20LM 1.39 1.39
X-25LM 119 1.12
X~120HM 0.60 0.57




"98 9198y, Jo BIBQ WoJj pajondjsuo) ydeiBowoy JusjucH-1Ax0pig "¢t YOO

( 1/ baw ) NOILYHINIONODS

001 08 09 R 4 g¢ 0

Py i i | i A 1 i . 1 i 3. b | . A o

LN Su Sum RN S Amm mame 4

o
0s pe o
)

Z

. -
| m
r 001 3
[ El
A 0
: k-1
- 051 Q




TABLRE 88. Hydroxyl Content of Bulk and Fractionated R-45M

A, Fractionated R-20LM

Sample - _ . Hydroxyl Content/megg'1
1 194 |
1B 1.97
2A e 1,27
. 928 7 -
3A S 0.74
B - 0.69
- 4A . . : -
4B S -0.82
 5A , 0.23.
Bulk o 1.713

" B, Bulk R-45M

v

Lot 40 0.72
Lot428 | 1.19 .
Lot T002 S 1.10
Lot ACH Vo1 1.03
Lot ACH V004 0.96

Lot A812819 | 1.07
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TABLE 89. Hydroxyl-Content Independence of Retentions
of Molecular-Weight Probe Solutes

Vgl emd g1
Solute - t°c Lot 40 Lot ACH V004 Lot 42B
Butyronitrile 50 232.6 235.8 236.5
' 60 160.5 162.0 163.2
70 113.2 113.8 115.1
~ Valeronitrile 50 603.7 612.4 611.7
- 86 397.3 400.1 403.1
70 267.9 267.9 972.2
Pre@lxmer
[OH)/megq g1 0.72 0.96 1.19
Mn/Da |
Table 90. Retentions of Molecular~Weight Probe Solutes
with ARCO X Series of R-45M Standards
0:nmd o1
V&/cm g
Solute t/°C X-10LM " X-20LM X-25LM  X-120HM p
Butyronitrile 50 306.7 287.6 276.7 249.4 0.9994
60 209,5 197.4 189.7 168.2 0.998,
70 146,3 138.5 133.0 116.1 0.994
Valeronitrile 50 780.0 733.8 706.6° . 642.4 0.999¢
60 506.5 481.4 462.5 4121 0.996,
70 3373 323.6 310.3 271.3 0,986,
Prepolymer
[OH)/meq g™} 1.73 1,40 1.18 0.59
Mn/Da 1040 1350 1630 . 3335

2 Least-squares correlation coefficient of regression of Vé against Mn-L,
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Hydroxyl-Content Dependence of Retentions of Hydroxyl—Content Probe Solutes.
A review of the solute retentions with the R-45M batches provided in Tables 60-65, Lots
40, ACH V004, and 42B, reveals two compounds that appear to reflect hydroxyl content
namely, acetone and chloroform at 30°C. The relevant data are provided below in Table
91. The retentlons of acetone increase sngmficantly on passing from Lot 40 (OH content
of 0.72 meq g~1) to 42B (OH of 1.19 meq g~1); while those of chloroform increase less so.

(It is significant that the largest changes in the solute retentions occur at the
lowest temperature evaluated, The presumed hydrogen-bonding interactions are
undoubtedly weak to begin with because of the relatively low hydroxyl content of the
prepolymers. As a result, the effects are evident only at the lowest temperature, and
disappear when the system temperature is raised by as little as 10°. Therefore, to
enhance retention differences from one lot of R-45M to another, either the temperature
must be lowered still further, or another set of solutes chosen that interact more
strongly with stationary-phase hydroxyls, e.g., small-molecule aicohols (methsnol,
ethanol, etc.). An evaluation of alcohol solutes was therefore undertaken; the results are
provided in a later Section.]

A further test of the extent to which acetone and chloroform reflect hydroxyi
content is given in Table 92, which provides the retentions with the X series of ARCO R-
45M standards. The specific retention volumes decrease because the molecular weights
of the prepolymers increase on passing from X-i10LM through X-120HM. Thus,
molecular-weight changes mask any effects due to hydroxyl content, as indicated earlier
might well be the case. Retentions relative to those of the molecular~weight nitrile
probe solutes must therefore be used, as was the case in what follows.

The acetone and chloroform retention data at 30°C relative to those of
butyronitrile and valeronitrile solutes at 50-70°C are provided below in Table 93. There
is a pronounced rise in all of the date on passing from X-10LM through X-120HY, i.e.,
with Increasing hydroxyl content. The mest notable change in the alpha values, that is,
the solute most sensitive to hydroxyl contant, is chloroform, relative to butyronitrile, at
50°C.

‘TABLE 91. Hydroxyl-Content Dependence of Retentions
of Hydroxyl-Content Probe Solutes: Sartomer R-45M at 30°C

, V°/om3 g
_Solte S0 netsy Lot ACH VM  Lot42n
Asstone S ¥ * R TX S 9.49
Chioroform | TVR U 1Y S 348.9
Prepolymer | '
(OHlmeqgt a2 0.96 1.19

Mu/Da
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Table 92. Hydroxyl-cbntent Dependence of Retentions
of Hydroxyi-Content Probe Solutes: ARCO R-45M at 30°C

0 3 -1
Vg/cm g
Solute__ X-10LM X-20LM X-25LM X-120HM

Acetone 115.9 111.4 107.7 100.4
Chloroform 382.3 368.9 361.0 353.3
Pi‘eglxmer
[OH)/meq g™ 1.73 1.40 . 118 0.59
Mn/Da : 1040 1350 1630 3335

Table 93. Hydroxyi-Content Dependence of Relative Retentions
of Hydroxyl-Content Probe Solutes: ARCO R-45M at 30°C

Ref. % .
Solute t/*c - X-10LM X-20LM X~-25LM X-120HM

&. Butyronitrile Reference Solute

Acetone 50 0.3779  0.3873 0.3892 0.4026
60 0.5532  0.5643  0.5677 0.5969
0 0.7922  0.8043 0.8098 0.8648
‘Chlovoform 50 1.247 1.283 1.305 1,417
80 1.825 1.869 1.903 2101
70 2,613 2.664  2.714 3.043
B. Valeronitrile Relarence Solute _
Acetone 50 0.1486  0.1518 0.1524 0.1563
, 60 0.2288  0.2314 0.2320 0,2436
_ 70 0.3436  0.3443 0.3471 0.3701
Chloroform 50 0.4901  0.5027  0.5109  0.5500
60 0.7548  0.7663 0.7805 0.8573
76 1.133 1.140 1.163 1.302
Prapolymer
(OHYmeg g~ 1.73 1.40 1.18 0.59

Mn/Da 1040 1350 . . 1636 3335
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Molecular-Weight-Independent Retention Indices. The method of determining
hydroxyl content via relative retentions, as illustrated by the data provided in Table 93,
has the drawback that capacity factors (at least) must be determined precisely and
accurately at two temperatures. Moreover, the data are extremely temperature-
dependent. It would therefore be useful if the method could somehow be modified so as
to be relatively insensitive to changes in the column temperature, the flow rate, and so
forth. One method of doing so is to use Kovats retention indices, I, as described below.

Retention indices are defined in most cases in terms of n-alkane marker solutes.
However, it is clear from the data presented in this work that the retentions of such
compounds are functions both of molecular weight and hydroxyl content and so, are
unsuitable for the purpose of calculating relative retentions. However, Laub pointed out
some time ago (17) that virtually any homologous series of compounds can be used to
define retention indices, since the retentions of compounds differing by a discrete unit (a
benzene ring, a methylene unit, etc.) will invariably regress linearly with "carbon
number" (however this is defined).

Accordingly, the specific retention volumes for acetonitrile and propionitrile at 50-
70°C, calculated from regressions of log VO against carbon number for butyronitrile and
valeronitrile, are given in Table 94, Thes% data were then used tgI calculate retention
indices relative to n-alkyl nitriles, here given the symbol i© , for acetone and
chloroform solutes at 30°C. The results are shown in Table 95.

The data confirm, first, that the retention indices of the hydroxyl-content probe
solutes reflect the increasing hydroxyl content of the stationary phases independent of
molecular weight, Secondly, the retention-index changes are not trivial, particularly for
chloroform solute at 50°C, which passes from 424 to 438. (Retention-index data
generally are reproducible to + 1 R.L unit.) However, there remains considerable
temperature variation of the data. For example, chloroform with X-10LM changes from
423 at 50°C to 515 at 70°C. Thus, the GC oven temperature control must be quite good
if chloroform is used to assess hydroxyl content in this manner.

In order to alleviate the temperature dependence of the retention-index method,
hydroxyl-content probe solutes need to be identified whose retentions are suitable at the
same temperature(s) as is(are) used for the molecular-weight markers, that is, 50-70°C.
However, the strength of hydrogen-bonding interaction would have to be greater than
that of chloroform in order to be observable at the higher temperatures. Small-molecule
alcohol solutes would seem to be useful in this regard; their suitability as hydroxyl-
content probe solutes is assessed below. In the meantime, it is fair to say that solutes
had been identified at this point whose retentions do in fact reflect the hydroxyl content
of R-45M prepolymers; and that a method had been developed for taking into account
variations in the molecular weight of the stationary phase.

DPhase 11, Task 3. Hydroxyl Distribution

Inverse GC work carried out to date has failed to identify probe solutes whose
retentions can be linked unambiguously to hydroxyl distribution. For exampie, those of
acetylacetone (2,4-gentfdedlone) with Lots 40, ACH V004, and 42B at 30°C are 1761,
1780, and 1754 em* g~ %resPectlvely; while the retentions of methyl butyl ketone are
1878, 1905, and 1876 em” g ~. In fact, all of the monoketone solutes give a maximum
\."th ACH V004, Thus, no distinction could be drawn between the retention patterns of
the monoketone and diketone solutes. The matter thus invites further and comprehensive.
study in future efforts.
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Table 94, Retentions of Acetonitrile and Propionitrilel
with ARCO X Series of R-45M Standards at 50-70°C

0 L |
Vg/cm g
t/°C Solute X-10LM X-20LM  X-25LM  X-120HM
50 Acetonitrile 47.42 44.18 42.43 37.50
Propionitrile 120.6 112.7 108.4 96.83
Butyronitrile 306.7 287.6 276.7 249.4
Valeronitrile 780.0 733.8 706.6 642.4
80 Acetonitrile 35.84 33.19 31.91 28.02
Propionitrile 86.65 80.95 77.81 68.85
Butyronitrile 209.5 197.4 189.7 168.2
Valeronitrile 506.5 481.4 462.5 412.1
70 Acetonitrile 27.52 25.37 24.43 21.26
Propionitrile 63.46 59.28 57.01 49,68
Butyronitrile 148.3 138.5 133.0 116.1
Valeronitrile - 337.3 323.6 310.3 271.3

o

& Derived from regressions of log V e

against carbon number.

Table 93, Retention Indices, ICN, for Hydroxyl-Content Probe Solutes
with ARCO X Series of R-45M Standards at 30°C

Ref. ICN ‘
Solute t/°C X-10LM X-20LM X-25LM X-120HM
Acetone 50 295.8 298.7 299.4 303.8
60 332.9 335.8 336.5 342.4
70 3721 3743 375.1 382.9
Chloroform 50 423.6 426.6 428.4 © 436.8
80 468.1 470.1 472.2 482.8
70 515.0 515.4 517.9 531.1
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Phase IIf, Task 1. Inverse GC of Seleeted Lots of R-45M

The final Phase of the Contract was devoted to demonstrating the utility of IGC for
the characterization of several lots of R-45M. In doing so, only conventional equipment
was employed. For example, instead of the usual laboratory-construeted high-precision
instrument that had heretofore been used to measure specific retention volumes, activity
coefficients, etc., a Varian Model 14 commercial packed-column gas chromatograph was
employed. Also, the columns were 5 ft by 1/8-in (ca. 3 mm), which were packed in the
usual way with conventional supports (Chromosorb G: AW, DMCS-treated). Thus, all
equipment, materials, and supplies used in what follows are readily available in any
chemistry laboratory. The methods and techniques that are desaribed could therefore be
easily implemented.

Repmdueibility of Capacity Factor Data. In order to assess in practical terms the
usefulness of the inverse GC technique for the characterization of R-45M without
extensive data acquisition/reduction necessary for specific retention volumes, it was
first necessary to determine to what extent solute capacity factors, k' [= (tp - ty)/t
i.e., data taken directly from stripchart recordings] could be reproduced from column eo
column, If the k' could not be reproduced, then differences in lots of R-45M could not be
detected. On the other hand, if the k' could be reproduced to within some reasonable
error limit, then changes in the solute retentions ecould be aseribed to changes between
lots of R-45M, rather than due just to instrumental artifact.

As a result, three separate columns containing 5% w/w X-120HM R-45M were run at
this point with acetone, ethanol, propionitrile, propanol, chloroform, butyronitrile, and
valeronitrile solutes at 80°C. The nitrile solutes were chosen because their retentions
reflect changes in the stationary-phase molecular weight independently of hydroxyl

content; while the remaining compounds, particularly the alcohols, reflect the OH
content. Also, the temperature of 80°C was used because most commereial GC's cannot

maintain column temperatures less than about 75°C with an accuracy. In addition, the

flow rate was adjusted with each column to ca, 20 em mm s the retention of methane
(presumed not to be retained with this system) was 0.60 min in each case, The results of

the replicate runs are shown below in Table 96.

Table 96. Replicate Capacity Factors, k', of Indicated Solutes with X-120HM R-45M
Stationary Phase at 80°C

k'

No. Solute Trial 1 Trial 2A Trial 3
1 Acetone . L70 .77 1.72
2 Ethanol 1,70 1.77 1.72
3 Propionitrile 3.50 3.53 3.53
4 Propanol 3.50 3,53 3.53
5 Chloroform 4,92 5.00 4,97
6 Butyronitrile 672 6.75 6.73
7 Valeronitrile 15.2 i5.3 15.5

The data show, first, that the capacity factors are reproducible to at worst + 2%, and
then only for the most volatile solutes, acetone and ethanol (overlapped). Also, the
retentions were measured simply with a stopwatch (the use of a modern integrator would
therefore presumably improve the precision of measurement of the elution times). In any
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event, it is clear from the results that the absolute capacity factor data with columns
and conditions even with analytical GC's as simple as a.Varian Model 14 are quite repro-
dueible, and that the latter instrumentation is therefore suitable for the IGC of R-45M.

Variation of Retentions with R-45M. Table 97 presents the capacity factors of the
solutes of Table 96 with the four ARCO standards, X-10LM, X-20LM, X-25LM, and X-
120HM (the latter averaged over three trials); as well as with Sartomer R-20LM and Lots
40, 42B, and V004 of R-45M. The retentions as well as elution order change considerably
on passing across the table for any given solute., For example, n-propanol and chloroform
are well separation with X-10LM, overlap completely with X-20LM, are well separated
again with X-25LM and X-120HM but with inversion of retention order, which reverses
again with R20LM,

Table 97. Capacity Factors, k', of Solutes of Table 96 with Indicated Lots of R-45M
Stationary Phase at 80°C

k'

No. Solute 10LM 20LM 25LM 120HM R20LM _40 42B V004
1 Acetone 2.50 2,17 1.80 | 1.73 233 1,33 1,68  2.00
2 Ethanol 3.28 2.68 1.80 1.73 .12 1,33 1.68  2.00
3  Propionitrile 5.17 443 337 3.52 468 2.72 3.22  3.80
4 Propanol 7.27 5.88  3.63 3.52 6.90  2.95 3.62 4.12
5 Chloroform 6.33 5.88  5.00 4.96 5.93 4,07 4.83 5.48
6 Butyronitrile 10.5 8.83 6.77 6.73 9.60 553 6,67  7.58
7 Valeronitrile 23.9 203 155 15.3 219 129 151 17.2

Variations in the retentions and retention order are visualized more easily by direct
inspection of the chromatograms, which are shown below in Figures 35-40, The first four
were obtained with X-10LM, X-20LM, X-25LM, and X-120HM R-45M stationary phases;
while the latter two were with R20LM and lot 40.

The first chromatogram, Figure 35, shows solute no. 4, n-propanoi, eluting well after
no. 5, chloroform.

In Figure 36, obtained with X-20LM, nos. 4 and 5 overlap completely. No. 4 elutes
well before no. 5 with X-25LM, Figure 37; however, it also overlaps considerably with no,
3, pro?logitrile. In addition, solutes 1 and 2, acetone and ethanol, are completely
unresolved,

The solute pairs 1 with 2 and 3 with 4 are overlapped fully with X-125HM phase,
Figure 38.

All solutes are well resolved with R20LM solvent, Figure 39, but the retention times
(hence, capacity factors) are nearly as long as those found with X-10LM.

Finally, the retentions with lot 40 R-45M, Figure 40, result in solutes 1 and 2 being
fully overlapped, 3 and 4 partially so, and §, 6, and 7 being well separated, all with quite
t%w retintion times compared with any other Jot of R-45M considered in this portion of
. the work.

: The above results demonstrate that the IGC technique is indeed capable of distingu-

ishing between lots of R-45M. Also, as detailed In previous Sections, nomographic
reduction of the retentions yields in addition the stationary phase molecular weight and
hydroxyl content, It is. worth emphasizing at this point that the above work was carried
out with a simple packed-column GC and stripchart recorder.
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FIGURE 3S. Paéked-column gas chromatogram of solutes of Table 96 with X-10LM
stationary phase at 80°C. See Text for column detalls and conditions.
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* PIGURE 36. Asin Figure 35; X-20LM stationary phase.
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FIGURE 37. Asin Figure 35; X-25LM stationary phase,
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FIGURE 38, Asin Figure 35; X~120HM stationary phase.
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FIGURE 33. As in Figure 35; RZOLM stationary phase.
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Phase IIl, Task 2. Chain Branching

Throughout the Contract, the (potential) effects of chain branching on the IGC
retentions, the fractionation patterns, and so forth, were looked for. However, none
were seen, as mentioned earlier. For example, the probe-solute GC retentions with the
ARCO standard stationary phases correlated as expected: retentions were a linear
function of the inverse molecular weight of the solvent, Also, once having taken
molecular weight effects into account, the hydroxyl probe-solute retentions correlated
directly with the hydroxyl contents of the stationary phase, Thus, nc anomalous effects
were detected. That is of course not to say that there is no chain branching in R~45M;
rather, that chain branching could not be detected by the methods used. Even so, there
is some evidence that GC retentions respond to chain branching (22), It may therefore
prove possible to quantitate chain branching in polymers such as R-45M by some or other
form of inverse chromatography, e.g., supercritical fluid chromatography.

SUMMARY AND CONCLUSIONS

The technique known as "inverse" gas chromatography (IGC) has been developed as a
tool for the characterization of materials such as R-45M. The resultant practical
methodologies and techniques make use only " of simple commercially-available
equipment, and can be applied to analysis and routine quality control of other prepolymer
systems, particularly those that are not easily characterized by conventional means,

In the first part of the work, a new procedure for determining the number-average
molecular weight of hydroxy-terminated polybutadiene by IGC was developed. The molar
specific retention volumes, V2'/em? mol™l, of probe-solutes with well-characterized
batches of R-45M were measﬁred {nitially in order to identify compounds whese elution
behavior correlated with M. (In this mode of data reduction the retentions should
regress directly with molecular weight.) In the present instance, the retentions of
chloroform at 30°C and valeronitrile at 30° and S0°C weve found to provide significant
distinction even between R-45M of 1350 and 1420 Da, independent of the prepolymer
hydroxyl content; in contrast, slkane solutes were surprisingly poor indicators of M.
Regression of the conventional~form specific retention volumes of the promising probe-
solutes, VQ/emd g~1, were used next to genervate romographs of inverse molecular
weight, the linear least-squares corvelation coefficients of which were In excess of
0.9999. The graphs were then employed to assess the M, of other bulk and fractionated
R-45M. (Paventhetically, the solvent feactionation pa'herm obtalaed with iso-propyl
aleohol/benzere with the Sartomer sample of R-45M were quite different from the
ARQO materials, Also, the gas-chromatographie specific retention volumes of the
probe~solutes with the Sartomer lot of R-45M at 30-80°C were notably divergent from
" those chserved with ARCO lots) The retentions of several alkyl nitriies were thereby
showsi to cotrelate well with molecular welght, and were aiso demonstrated to be
~ independent of the stationary-phase hydroxyl content. :

The hydroxyl contents of all R-45M lots were next determined via FT-IR with
romographic Beer's law data using the standard §-undecanol. The currelation coefficient
of the nomograph was at least 0,999, Howeversa finite interdept limited the method to
“hydroxyl values of no less than ca. 20 meq dm™, The ARCO standards comprised of tie
X" series, 10LM, 14LM, 20LM, 25LM, and 120HM, gave hydroxyt values that were in
reasonable agreement with published data. The hydroxyl contents of the Sartomer
R20LM fractions as well as those of all other bulk R-45M samples obtained from AL wrie
compared with the inverse GC retentions. Acetone and chloroform solutes at 30°C were
found to correlate linearly and positively with hydroxyl content {increasing retentions
with increasing OH), while o~ and p-xylene correlated linearly and negatively. Both the
relative retentions and retention indices of acetone and chloroform (the latter based
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upon the retentions of the nitrile standards at 50°C) were found to reflect quite
accurately the hydroxyl content of R-45M prepolymer stationary phases.

The determination of retentions at one temperature relative to those at another is
somewhat inconvenient as well as imprecise. An aiternative procedure was therefore
developed that made use of nitrile and alcohol solutes with simple analytical gas
chromatographie instrumentation and packed columns at 80°C. Chromatograms of the
molecular-weight and hydroxyl marker compounds with ARCO, Sartomer, and AL batches
of R-45M under these conditions did indeed exhibit quite dramatic shifts in the probe-
solute retentions, in accordance with the respective M_ and OH contents of the
stationary phases, The quantitation of R-45M prepolymer molecular weight and
functionality by inverse gas chromatography, making use only of a simple set of probe-
- solutes and GC instrumentation and conditions, was thus brought to hand.

REFERENCES

. 1. Carver, J. G., Improved Specifications for Composite Propellant Binders for Army
Weapon Systems, Technical Report T-79-76, U.S, Army Missile Command, Redstone
Aresenal, Alabama, July 1979, :

2. Carver, J. G., Rapid Method for Determination of Functionality Distribution in
Hydroxy-Terminated Polymers, in Proceedings of the 1980 JANNAF Propellant
Characterization Subcommittee Meeting, Publicaticn 333, Chemical Propulsion
Inforination Agency, Laurel, Maryland, October 1980,

- 3. Thompson, G., and Daly, E. E., Development of HTPB Propellant for Ballistic
Missiles, Final Technical Report TWR:g%IS, Vol. II (KFRFL’.-’!‘R-?S-H, Vol 10); .
November 1974,

. 4, Law, R. D,, An Evaluation of Derivatives of HTPB Used in the One-Step Deter-
mination of Average Functionality Profile, in Proceedings of the 1980 JANNAF
Progﬂant Characterization Subcommittee Meeting, Publication 333, Chemical
Propulsion Information Agency, Laurel, Maryland, October 1980.

5. Christian, T, W., Chemical Characterization of HTPB Prepolymers, Report No.
- . L879-29, Chemical Propulsion Information Agency, Laurel, Maryland, June 1979,

6. Brown, R. D., Literature Survey on Hydrocarbon Binders for Solid Rocket
Propellants, Publication 251, Chemical Propulsion Information Agency, Laurel,
MaryIana.

7. Myers, G. E,, Optimization of HTPB Binder, Final Technical Report LPC-436~F
(AFRPL-TR-71-123), January 1972.

8. Grubisie, Z., Rempp, R., and Benoit, H., Journal of Polymer Science, Part B, Vol. 5,
p. 753, 1967, See also: Cantow, M. J. R., and Johnsen, J. F., Journal of Applied
Polymer Science, Vol. 11, p. 1851, 1907; Journal of Polymer Science, Part A~1, Vol.

s Do y .

9, Laub, R. J., and Pecsok, R. L. Physicochemical Applications of Gas
: Chror_natog‘raphy, Wiley-Interscience, New York, 1978,

10, Laub, R. J,, Purnell, J. H,, Willlams, P, S,, Harbison, M W. P,, and Martire, D, E,,
Journal of Chromatography, Vol. 155, p. 233, 1978,

137




11.

12.

13.

14,
15.
16.
17.
18,
19,
o,

21,

22.

Laub, R. J., Prepolymer Characterization, Final Technical Report AFAL-TR-88-

068, Air Force Astronautics Laboratory, Edwards Air Force Base, California,
OctoL .- 1988,

Hinney, #. R., Babiec, Jr., J. S., and Murphy, J. R., New Hydroxyl Terminated
Polybutadiene Resins, in Proceedings of the 1984 JANNAF Propellant
Characterization Subcommittee Meeting, Publication 413, Chemical Propulsion
Information Agency, Laurel, Maryland, 1984, p. 147.

"Arnold, M. T., Baghdadehi, J., Hinney, H. R., and Meyers, J. A., New Polymeric

Binder Resing, in Proceedings of the 1985 JANNAF Propellant Characterization
Subcommittee Meeting, Puﬁﬁcafion 135, Chemical Fropu!sion Inforrnation Agency,
Laurel, Maryland, 1985, p. 245. The ARCO Division that manufactures R-45M has

since been sold to Sartomer Co. (West Chester, PA), which has sinee been sold again
to Elf Aquitaine. These standard lots are therefore no longer available,

Beilsteins Handbuck der Organischen Chemie, Vol. 17 (No, 1), Springer-Verlag, -
Berlin, 1974, P. 0.

Ambrose, D., and Townsend, R., Vapor-Liquid Critical Properties, National P'hysical
Laboratory, Teddington, Middlesex, U.K., 1879.

Dreisbach, R. R., Physical Properties of Chemical Compounds, American Chemical
Society, Washington, D.C,, Vol. 1(1955); Vol. I (1959); Vol. I}f (1961).

Laub, R, J. Analytieal Chemistry, Vol 52, p. 1219, 1980; Vol. 56, pp. 2110,2115,
1984, » — , .

Ambrose, D., Ellender, J. H., Lees, E. B., Sprake, C. H. 8., and Towusend, R. :
Journal of Chemical Thermodynanmies, Vol 7, p. 433, 1975,

Nakanishi, K., and Toyama, O., Bulletin of the Chemical Sdeiety of Japari, Vol. 43,
p. 3210, 1972, L ' ) -

Weast, R. C, Ed, Handbogk of Chemistry and Physics, 67th ed., CRC Presé,
Cleveland, 1986, . ' S - : i} ,

Emanuel, L. J,, and Dee, L. A., Semi~Micro Hydroxyl Equivalént Weight Methods,

Technical Report AFRPL-TR-82-041, Air Farce Astronautias Laboratory, Edwards

Alr Force Bage, California, July 1982, - See also: Emanuel, L. J., and Park, T. W., A

HFdx‘oxgl Equivalent Weight Interlaboratory Study, Tectinical Report AFRPL-TR-
{88, Ailr Forse stufqnau ¢s ‘La og-aiory, Eﬁwards@lr Poree Base, California,

December 1984. e .

Littlewood, A. B.,, Analytical Chemistry, Vol. 36,-p. 1441, 1964,

138




