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SUMMARY

On the basis of saturated vapour pressure data, the values of solubility param-
eters and their remperature dependence in the range 25-200°C for about 50 alky!
derivatives of phenol and resorcinol were calculated and a rough estimation of their
dispersion, polar and hydrogen bond componeats was made.

A comparison was made with the data obtained by using the distribution co-
efficient of phenols in apolar solvent—water systems and gas chromatographic reten-
tion data, the relationship with the phenol structure was investigated and calculation
methods were carried out.

INTRODUCTION

Hildebrand’s' solubility parameter in terms of the cohesive energy density and
its breakdown into its various components®? offers a basis for the general treatment of
chromatographic retention®. However, mn practice, the determation of sclubility
parameter values from the equilibrium data and vice versa is often difficult. This
difficulty is caused by the restrictions of regular solution theory, whereas in real
solutions forces other than dispersion forces plav an important role {owing to the
presence of polar groups and. exceptionally, -CH,— chains also. In the liquid phase.
these difficulties have often been circumvented by the use of empirical solubility
parameter values®=, but in the gaseous phase they kave mostly been ignored (by
tzking the compressibility factor as equal to unity). In phenols, the intermolecular
interaction is complicated and these simplifications may be effective to different ex-
tents. As solubility parameter data for phenols are scarce®3#%C, it was our aim to
calculate them by making use of various methods and, by comparing all of the results,
to draw some conclusions about their general usefulness.

* Presented at the 5tk Soviet-Ftalran Chromatograshy Symposivm, Tallinn, April 23-25, 1875,
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THEORETICAL
Fasic relationships®-2-*
En* (4H, — Z AT
= (- £y — (UL 2
8 =8+ 6.+ 8 2)
RTInk, = v [(6: — 6x)® — (85 — 6] 3)
RTin (t:/tsr) - (vst - vx) 6; - 2 (Vstlayt - ""x-éx) 6S (4)
vhere
I = solubility parameter, (cai/cm®)*;
E = energy of vaporization, caljmole;

AH, = heat of vaporization, cal/mole;

= molar volume, em3;

= compressibility factor (taken as unity);
= universal gas consiant, cai/deg-mole:
= temperature, °K;

= molar distribution coefficient;

= gas chromatographic retention time.

Subscripts T, 4, p, & are total vaiue and its dispersion. and polar and hydrogen
bonding components, respectively; x and st = the partitioned substances; M and S =
mobile z2nd stationary phases, respectively; w and ¢ = water and criticzl. respectively.

The dispersion component was caiculated from a homomorph piot for cyclo-
paraffin hydrocarbons*! and that of the hydrogen bond from the value of bond energy
of 4300 cal per bond!?; the values of 5, were found from the difference. As error anal-
ysis for egns. 1, 3 and 4 has shown, the relative errors in the values of £, £, and k..
may not exceed 2, 30 and 509, respectively, when calculating the values of & or &,
with an absolute error of less than 0.1 unit. It seems that calculations from egns 3
and 4 are more precise. In fact, however, the latter relationships are good enough
only for reguiar solutions.

~E N

Initial data

The heats of vaporization given in Table I were calculated from the saturated
vapour pressures'®?* by using the Douglas—-Avakyan differentiation method?®®.

All non-available AH, values of phenols that contain up to 14 carbon atoms
per molecule were calculated in the temperature range 20-200°C by the method of
Iinear interpolation and extrapolation (with an error of about =~ 700 cal/mole). The
remainder of the data were obtained from the following relationships.

For alkylresorcinols (the data of Lille!® were treated): v2¢ = 1.202 — 4432,
M= 110-376, 25 =070, »=92; dv’/dr= 8.28-10"*- & — 0050, ¢ = 25-200°C,
Js = 42-107% 1 = 9. At 20-22°C: for 2-isomers, log k = 0.4500 -5, — 0.8000, 25 =
0.49; for 4-isomers, logk = 0.6128 -1 — 1.1866, 25 = 0.15; for 5-isomers, logk =
0.5007 -ne — 1.2473, 25 = 0.12. Here, M = molecular weight, & = weight distribu-
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TABLEL

INITIAL VALUES OF HEATS QF VAPORIZATION (kcal/mole} AND BOILING POINTS (°C)
Alkyiphenol, PROHR. Alkylresorcirols, Ph-1,3-(CH);R

R AHTR AH, te R AHE AHSS te
— 12.09 11.96 182 - 21.62 17.48 273
2-C, i3.62 11.94 19t 2-C, 18.00 20.48 264
2-C, 13.65 12.54 207 2-C, 19.09 27.74 —
2-C 16.57 13.65 237 2-Cs 20.77 2897 32¢
3-C, — 12.37 203 4-C, 16.94 30.86 269
3 16.05 13.45 214 4.Cs 2i.56 27.71 —
3.C; 16.33 14.66 228 4-Cg 2341 30 98 34
3-Cy — 14,44 249 5-Cy 22.87 1844 289
4-C, — 1262 202 5-C, 24.4 i3 79 308
4-C, 16.52 13.48 219 5-C; 35.50 35.72 393
4-C, — £3.88 232 2.5(Cy): 17.63 2194 286
£.C, 15.09 15.07 25¢ 5-C,-2-C, 17.96 22.62 —
4-Co 20.27 £5.73 — 5-Cy-2-Ce 22.52 31.63 —
2,4(Cq):" — 12,59 2%l +.6-(Ci:2 17.4% pA X 279
2,64Cy): — 12.79 212 4.54C3: 1785 — —
3.4-(C.)s E5.51 13.85 237

3.5-(Cs)s 16.47 13.80 220

2,3«C:)z — 12,12 218

* Also for 2.5- isomer.

tion coefiicient for benzene-water, ¢ = temperature {°C), izc-pumber of carbon atoms
in the side-chain, s = standard error and = = number of data.
For alkyiphenois (calculated from ref. 17): v?® = 1.28%-M — 37.36. M = 94—
150, 25s = 6.8, n = 9; dv'/dr = [.56-1073- M — Q.0777, r = 25-200°C, 2s = 0.0132.
In additioa, literature data for the gas chromatographic relative retention times
of alkylphenols on 60 phases were used: these datz were partially summarized by
Kharlamovich and Churkin!s,

RESULTS AND DISCUSSION

From the values of the solubility parameters calculated on the basis of heats
of vaporization (Tables H and III}, the tendencies related to the phenolic structure of
the molecules can be seen. The addition of 2 hydroxy! group to the moiecuie increases
the 5 value, while the addition of a CH.— group decreases it. Also, the influence of an
alkyl chain in the orthe position relative to the hydroxy! group is considerably stronger
than that of an alkyl chain in the mete or para position. For dibasic phenols, an increase
in temperature causes a greater decrease in the &y value tham that for monobasic
phenols. This effect is connected with the lower dH[/df value for the latter compounds.

The energy deansity of intermolecular interactions caused by dispersion forces
and hvdrogen bonds shows a trend towards lower values as the Iength of the alkyt
chain increases. At the same time. the energy density of polar interactions increases.

These resuits are in accordance with the increase in molecular polanization
caused by an increase in the aikyl chain length in 2-alkylresorcinols®®. Considering
this effect, it is necessary to note that the equation of Béttcher, derived for spherical
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TABEE L
SOLUBILITY PARAMETERS FOR ALKYLPHENOCLS, PhOHR
R 20 °C 8¢ °C Te
P —-“:‘5—5-102 (K}

61- dr ér 5{ 65, ég dar
— 12.G 12.6 (ref. *F i1.3 8.7 27 &8 1.05 €95
2-C, 111 1.3 (zef. 10) ie.s 84 04 63 1.2 §93
2-C, 10.7 - 10.1 88 16 58 .12 761
2-Cy 0.4 — 9.7 7.8 i.8 5.5 1.26 737
2-C, 102 - g4 7.6 2.1 5.1 1.26 715
2-Cs 2.9 — 2.1 73 24 49 131 724
2- 2.7 — g9 71 27 46 1.36 731
3-and 4-C. 11.7 12.2 {ref. 8) 168 83 33 63 122 T10/70%
3-2nd 4-C, 11 4 11.3 (ref. 10} 6.6 8.1 35 58 1.35 Ti1)718
3-and 4-C; 112 — 16.3 7.8 3.7 5.5 1.46 7E71723
3-and 4-C, 108 — 0.0 76 3% st 1.55 732/734
3-and &G 107 — 2.8 1.5 4.0 4.9 1.62 F42/743
3-2nd 4-Cs 105 - 85 72 42 46 .68 TFAQ[752
2,6-(C) 10.7 - 10.1 i 14 58 .12 708
2,4<Cy)- 11.0%-8¢ 1.2 (ref. 16) 10.1 8.1 1.4 58 1.37 707
2,3+C,)- 10.9¢ 11.2 (ref. 10) i6.1 8.1 14 58 141 77
3,5<Cy)2 11.6¢ 11.3 (ref. 10} ice 8.1 35 58 141 720
3,44Cp)z 11.3¢ 11.3 (ref. 10) 106 81 34 58 1.08 738

* See text.
“* In the absence of boiling pomt data, the values of A7,(CH,) for 2-R = 14 57 and for 3- and 4-
R = 13.5° were used,
**= 11.4 according to ref. 3.
¢ Without smoeothing of AH, values over rnc.
8¢ Also for the 2,5- isomer.

molecules with a dipole at the centre and used by Hansen®, when used with alkyl-
phenols that kave long alkyl chamns, gives apparent 62 values that are up to 10 times
lower than the actual values (taking into account the acentric location of the dipole).

The separaticn of 47 and 67 is very approximate and only a rough estimate
can be made. Probably an examination of the absorbances of associated hydroxyl
groups in the 2.75-3.20 gm range in the IR spectra would show the order of 6 values
2-<c4-<5-alkylresorcinol, in accordance with their acidities?S.

The total soiubility parameters calculated from the molar distribution coefii-
cients between an apolar solveni and water {marked with asterisk in Tables IT and
IIT) are in fair agreement with those calculated from the heats of vaporization. In
previous calculations for monobasic phenols, cited in Table If, the empirical value
8y == 19.6 was mostly used®. The specific interaction of alkylresorcinols with water
is stronger than that of alkyiphenais and therefore the §, values must be lower. In-
deed, for the latter compounds in benzene-water, the value of §, = 18.0 is suitable.
From these data, one can conclude that the degree of association of phenols in the
vapour phase is negligible.

The calculation of 6, values for phenols by using egn. 4 is impossible owing to
the Iack of datz for most stationary phases. However. in order to establish the pre-
dicting power of this equation in this instance, by using the known & values for alkyl-
phenols, we have calculated the d¢ values for 60 stationary phases. Some of these re-
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TABLE IIf
SOLUBILITY PARAMETERS FOR ALKYLRESORCINOQOLS. Ph-1,3-(OH);R
R 20°C 80 °C e
a5 Y £ e
s 5t 8 e &, Se & vy
- Is4 477 14.4 ag 5s 8.8 1.65 804
2-Cy 3.6 13.8 12.7 8.6 Z8 8.9 1.55 775
2-Cs 13.3 13.5 2.3 8.3 38 83 1.69 777
2-C; 13.0 132 11g 8.1 £0 77 1.80 779
2-C, 12.8 13.0 117 79 £.6 7.3 1.89 783
2-C 126 129 1.4 1€ 4.9 6.9 167 787
2-Cs 2.5 2.8 112 74 5.2 6.6 2.04 752
2-C; 124 12.6 1i.1 7.2 56 6.4 210 798
2-Cs 12.2 —~ 11.0 7.8 58 6.1 2.15 804
£-C, 13.9¢ 140 129 8.6 3.6 8.9 .65 782
&.C, 135 136 i2.5 8.4 4.3 g.3 1.68 786
4-Cs 13.2 13.3 i1zz 8.1 4.8 7.7 1.71 792
4-C 13.0 13.0 1.8 80 4.9 7.3 £.73 798
4-Cy 12.8 12.8 1.7 7.8 53 69 1.75 805
4-Cs 12.6 12.6 11.6 7.5 59 8.6 177 i3
4-C, i2.5 12.5 it4 7.3 6.0 6.4 1.78 823
4-Cq 124 — 113 7.1 63 6.1 1.7¢ 830
5-C; 14,758 142 i3.e 8.8 5.3 8.9 i.73 8t
5C, 142 £3.8 13.2 8.5 5.8 8.3 1.81 822
5-C; 138 13.5 12.8 3.3 5.9 7.7 1.87 83t
5-C, 13.6 13.2 12.5 8.1 6.1 7.3 1.32 837
5-Cs i3.4 3.1 2.2 7.2 62 6.9 .96 848
5-Cs 3.2 iz9 12.0 7.7 6.4 66 2.0 838
5-C; 3.2 £2.8 11L& 7.5 6.5 6.4 2.33 870
5-Cg i2¢e — 11.7 7.3 6.8 6.1 2.06 882
* See taxt.

*~ In the absence of boiling pomt datz the vaiues of 4£,(CH.) for 2-R = 12°, 4R = 14°zad 5-
R = 17° were used.
*** Calculated as 14.9 according “o ref. I9.
¢ Without smoothing of AH . values over ne for R = 4.6 — (C;)s and 4.5 — (Cy);, 13.0and 1£4.4,
respectively.
$tSee §, for R = 2.5 — {CY),, 5-C; — 2-C; and 5-C; — 2-Cg, 13.3. 12.7 and 12.4, respectively

sults are shown in Table IV. On 59 phases {sodium dodecylbenzenesulphonate being
the only exception), the calculated d¢ values were distributed into two groups in ac-
cordance with the structure of the phenol. The values, calculated from the data for
metfa- and para-substituted alkylphenols, are as s rule higher than those calculated
from the data for orehio-substituted alkylphenols. For example, the 6 values obtained
for glycerine are 13.6 &~ (.2 and [1.8 £ 0.3. respectively (at 160 °C}. For this phase,
some vapour pressure data are known?'®2 and from these data &g values of 13.6-15.4
were esfimated at the same temperature,

For ortho-sabstituted alkyiphenols, the relative retention times are higher than
those calculated from the Rohrschneider egquation (exceptionally, 2.6-dimethyl-
phenol oftep behaves in the sarme manner as the 3,4- and 3,5- isomers). Sometimes,
the relative retention is so high thar egn. 4 has an imaginary solution. particularly
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TABLE IV

TOTAL SOLUBILITY PARAMETERS FOR SOME GROUPS OF LIQUID PHASES, CAILCU-

LATED BY USING EQN. £ ON THE BASIS OF RETENTION DATA FOR ALKYLPHENOLS

(A < 122)

Pierols Phase &,. 60 °C —d8ide- I & Femperature
range (°C)

3-, 4-, 3,4- and 3,5-
substituted phenols

02) Apiezon L (M,W) 1105 084 500107 4% 135-200
Phthalates 11,18 - 048 513 =04 30 §15-190
Phosphates 1181 -108 53004 45 11Q-200
Sugars, alcohols 13.79 083 367 = 1.0 47  140-180

Ortho-substituted

phenols (except 2,6-

isomer {67) Apiezon L (M, W) 7732134 236111 40 135-200
Phthalates 850103 284 +0.38 44 115-190
Phosphates 947 132 246 =06 48 110-200
Sugars. alcohols 1207 090 194 L 13 41 140-18C

on apolar phases. Apparently, for ortho-substituted alkylphenols, those factors which
are critical for cbeying to the Rohrschaeider equation (in particular the distribution
in the stationary phase and the fugacity coefficient) are different from those of the
standard compound (phenol). Probably, with 2.6-dimethylphenol mutual compensa-
tion of these factors takes place. It is noteworthy that such phenomena have aiso been
noticed in extraction. For instance, for the distribution of 3-methylphenol in an apolar
solveni—water system, a value of 8, = 19.0 is appropriate, but for the 2-isomer §,, =
18.0 is more suitable®.

The interaction of sodium dodecylbenzenesuiphonate with phenols is strong
and the solute emerges from the column at 2 temperature considerably higher than
its normal boiling point (methyl- and dimethylphenols at 260°C).

Thus, with a suitable standard substance, the Rohrschneider equation can be
used for the estimation of the total solubility parameters (Fable V) and also the heats
of vaporization for compounds with any polarity.

It may also be possible for gas chromatography to be used for estimating the
components of the total soiubility parameter.

CONCLUSION

By means of saturated vapour pressures, distribution coefficients in an apoiar
solvent-water system and gas chromatographic retention data, values of the total
solubility parameters for phenols have been obtained. However, the use of empirical
sclubility parameter values for water and suitable standard substances in these methods
vas necessary. The calculated values of the solubility parameters and their temper-
ature dependance for about 50 phenols would be useful in order to choose the op-
timal operating conditions for their chromatographic and extractive separation.
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TABLE Y

COMPARISION OF TOTAL SOLUBILITY PARAMETER VALUES CALCULATED FOR
SOME ALKYIPHENOLS BY USING EQNS. I AND £ ON VARICUS STATIONARY PHASES
Stationary phases: A, Apiezon L, 8 = 12.07, & = 8.90: B, Exythrt, 8, = 14.14, 67 = 12.68; C.
dimenthyl phthalate. 6; = 12.27. §; = 2.35: D, tri-2,4-xvleny! phosphate, 8, = 15.03, 87 = 11.83.

R 150 °C 136 °C 20 °C

£qn. f Egn. 4, A Eqgin. &, B Egn. [ Egn. 4, C Egn I Egn. 4, D
2-C; .7 2.82 9.78 9.9 .95 10.1 10.17
3-C, 10.1 16.07 10.06 10.2 10.22 10.4 10.42
4-Cy 1G.1 10.07 10,04 102 i02¢ 104 10.42
2,34Cs) 2.3 2.24 2.37 g.4 .47 2.6 9.61
2,4-(Cy)2 Q.3 g.2¢ 9.28 ¢4 S.40 2.6 a.61
2,5{C)= .3 .27 .27 .4 2.42 2.6 2.61
2,6~(Cy) 2.3 g 25 2.10 ¢4 g.24 2.6 9.58
3,4-Cy):2 9.6 2.68 e 70 9.8 9.84 100 10.04
3,5-(Cy)2 3.6 363 .63 2.8 g 81 160 1004
2-Ca 2.3 9.24 g.24 9.4 9.38 - —
3-C, e.6 2.63 g.62 9.8 3.80 — —
4-C, — — 9.62 8.8 9.78 — —
5-C, — — 926 — — — —
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