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Influence of the structure of amphiphilic anions on the Krafft temperature
of micellar solutions of anionic surfactants
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The influence of the structure of surfactants on the Krafft temperature 7} was studied for
aqueous solutions of anionic surfactants containing the sulfate and sulfonate head groups, the
hydrophilic (H) and lipophilic (L) fragments in amphiphilic anions, and various polar and
Cg—Cyg hydrocarbon groups. The best statistical quality was obtained for the model with
separate account of the effect of the H and L structural fragments on the 7} value.
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Solubility of surfactants in water depends strongly
on their capability of associating to form micelles. In
surfactant—water systems, the lower temperature bound-
ary of micelle existence is determined by the Krafft
temperature (7)), above which the solubility of sur-
factants (in the form of micelles) increases sharply.
However, the monomolecular form and complexes of
several surfactant molecules are poorly soluble.! The
technical application of micellar solutions of surfac-
tants is restricted by the temperature interval from the
T value to the cloud temperature, viz., the upper bound-
ary of existence of micellar solutions. The temperature
effect on the solubility of the surfactants has been stud-
ied,23 and the T, values of aqueous solutions have been
determined.

The T, value varies widely with a change in the struc-
ture of ionic surfactants. An increase in the number of
oxyethylene groups in the sodium alkylpoly(oxyethylene)
sulfate anions has been established4—° to successively de-
crease the 7, values. For the surfactants with the sulfate
or sulfonate head groups, T} increases with an increase in
the number of methylene groups in the lipophilic hydro-
carbon tail of micelles (with the increment 5.5° per car-
bon atom).5

A study of the dependence of 7, on the surfactant
structure is of interest for revealing the internal structure
of micelles, for the synthesis of new surfactants, and the
development of the related technologies. In this work, we
searched for the quantitative structure—property relation-
ships (QSPR), which make it possible to predict the T}
values for the anionic surfactants containing the sulfate
and sulfonate head groups and various polar groups, using
the available published data.4—13

Calculation procedure

The T} values for aqueous solutions of anionic surfactants
were taken from the published works.4—13 The ¥, and Vy de-
scriptors (1072 cm3mol~!) calculated from the atomic incre-
ments by the additive method!415 were used for the character-
ization of the volumes of the hydrophilic and lipophilic frag-
ments in the surfactant anions. The V; and Vy values for an-
ions 1—57 are presented in Table 1. The search for QSPR was
based on the regression analysis of the 7 values using the subset
of descriptors calculated from the surfactant structure (Table 2).

Multiple regressions were calculated by the least-squares
method using the STATGRAPHICS Plus (Version 2.1) pro-
gram. The statistical characteristics of the regressions obtained
reflect the number of compounds in the subset #, the standard
deviation for the subset s, the multiple correlation coefficient
(calculated taking into account the number of degrees of free-
dom), and the Fischer statistical criterion F.

Results and Discussion

The internal structure of ionic micelles in aqueous
solutions includes a hydrophobic core surrounded by a
hydrophilic polar shell.1-3 The latter is restricted from the
outside by charged head groups of amphiphilic ions, which
interact with counterions and water molecules. The mi-
celle core consists of hydrocarbon tails of the amphiphilic
ions attached either to the head group, or to the polar
group in the ion structure.

The properties of the core are similar to those of liquid
alkanes.! According to the current data,!%17 the polar
shell can contain from two to four methylene groups of
the hydrocarbon tail adjacent to the head or polar group
of the amphiphile. Thus, the shell is formed by the polar
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Table 1. The T, values for sodium salts of amphiphilic anions 1—57 and desciptors V; and Vy
Anion 43 Vy T/°C
10~2 ¢cm? mol~! Calculation* Experiment
Value** Refs.
CioH,;0S05™ (1) 1.182 0.713 7.3 8 5
C,H»5080;™ (2) 1.463 0.713 19.6 21, 5
16 7
C4H90S05™ (3) 1.745 0.713 31.9 35.8, 5
30 7
CsH33050;~ (4) 2.027 0.713 44.2 43.0, 5
45 7
C,3H3;,080;™ (5) 2.309 0.713 56.5 57.5, 5
56 7
Me,C,H,4,080;~ (6) 1.745 0.713 9.7 11 8
Me,C4H,30S05™ (7) 2.027 0.713 22.0 25 8
Me,C cH3,05805™ (8) 2.309 0.713 33.3 30 8
CsH33(OCH,CHMe),0S05™ (9) 2.027 1.676 16.8 19 5
C,3H3;(0CH,CHMe),0S0;5™ (10) 2.309 1.676 29.1 31 5
C4H,yOCH,CH(Me)OSO;™ (11) 1.745 1.194 18.2 14 9
C,¢H3;0CH,CH(Me)OSO;™ (12) 2.027 1.194 30.5 27 9
C,3H3;0CH,CH(Me)OSO;~ (13) 2.309 1.194 42.8 43 9
C,sH3;0C,H,0805™ (14) 2.027 1.053 34.7 36 4
C,3H3;,0C,H,0805™ (15) 2.309 1.053 47.0 46 4
C,6H33(0C,H,),0S05™ (16) 2.027 1.394 25.1 24 4
C,sH37(0C,H,),0805™ (17) 2.309 1.394 37.4 40 4
C6H33(0OC,H4);0S05™ (18) 2.027 1.735 15.6 19 4
C,sH37,(0OC,H,4);0S05™ (19) 2.309 1.735 27.9 32 4
C6H33(0C,H,)4,0S05™ (20) 2.027 2.075 6.1 1 4
C,sH37,(0C,H,)4,0S05™ (21) 2.309 2.075 18.4 18 4
C,H,s0C,H,0805™ (22) 1.463 1.054 10.0 8.5,9.0 10
C,H,»5(0C,H,),0805™ (23) 1.463 1.394 0.5 -1 6
C,H»5sS05™ (24) 1.463 0.654 32.7 38 7
C3H»;805™ (25) 1.604 0.654 38.9 35.5 7
Ci4H»S05™ (26) 1.745 0.654 45.0 48 7
C;5sH3S05™ (27) 1.886 0.654 51.2 48 7
CisH33805™ (28) 2.027 0.654 57.3 57 7
C7H35805™ (29) 2.168 0.654 63.5 62 7
CgH3,505™ (30) 2.309 0.654 69.7 70 7
CgH;C(0)OC,H,S05™ (31) 0.900 1.151 —-0.3 0 11
CoH;,,;C(0)OC,H,S0;™ (32) 1.182 1.151 12.0 8.1 11
C,H,»5C(0)0C,H,SO;™ (33) 1.463 1.151 243 24.2 11
C4H»yC(0)OC,H,SO;™ (34) 1.745 1.151 36.6 36.2 11
CgH;0C(0)C,H,4S05™ (35) 0.900 1.151 -0.3 0 11
C,oH,,0C(0)C,H,SO;~ (36) 1.182 1.151 12.0 12.5 11
C,H,;0C(0)C,H,SO;™ (37) 1.463 1.151 243 26.5 11
C4H,,0C(0)C,H,SO;™ (38) 1.745 1.151 36.6 39 11
CioH,;CH(Me)C¢H,SO5™ (39) 1.322 1.403 322 31.5 12
C,H,sCH(Me)C¢H,4SO;™ (40) 1.604 1.403 44.6 46 12
C4HyCH(Me)C¢H,SO;™ (41) 1.886 1.403 56.9 54.2 12
CsH33CH(Me)CH,SO;™ (42) 2.168 1.403 69.2 60.8 12
CgH;,C¢H4SO;™ (43) 0.900 1.262 17.9 25.5,26 10
C,H,sCH=CHCH,SO0;~ (44) 1.463 1.034 35.7 40.0, 35.5 10
C,H,sCH(OH)C,H,SO5~ (45) 1.604 0.995 21.0 21.5,20.2 10
CoH,;CH(CH,0OH)SO5" (46) 1.322 0.854 57.0 59 7
C,H,sCH(CH,0H)SO;~ (47) 1.604 0.854 69.4 73 7
C4H,yCH(CH,0H)SO; (48) 1.886 0.854 81.7 84 7

(to be continued)
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Table 1 (continued)
Anion VL VH Tk/°C

10~2 ¢cm? mol~! Calculation* Experiment

Value** Refs.

C,6H3;CH(CH,OH)SO;~ (49) 2.168 0.854 94.0 93 7
C,oH,;CH(COOH)SO5~ (50) 1.322 0.870 57.5 52 7
C,,H,sCH(COOH)SO; (51) 1.604 0.870 69.8 68 7
Cy4H,9CH(COOH)SO5™ (52) 1.886 0.870 82.1 83 7
C,6H3;CH(COOH)SO;~ (53) 2.168 0.870 94.5 94 7
(S037)0C ,H,,0805™ (54) 1.160 1.393 11.7 12 13
(SO37)0C 4,H,50S0;™ (55) 1.442 1.393 24.0 24.8 13
(S037)0C ¢H;,050;™ (56) 1.724 1.393 36.3 39.1 13
(SO;7)OC,gH340S05" (57) 2.005 1.393 48.6 449 13

* Performed in this work.

** In the case of two T} values, the average value is used in calculations.

groups (including small hydrocarbon chains), charged
head groups, and several C atoms of the hydrocarbon tail.
The polar groups are absent from some simplest surfac-
tants. The physicochemical properties of the shell are
close to those of aqueous-alcohol mixtures.1-3

Taking into account a great difference in the proper-
ties of the hydrophobic core and hydrophilic shell, it seems
reasonable in studies of the influence of the surfactant
structure on the 7} value (and on other properties of
micellar solutions) to use a model in which two fragments
of the amphiphile structure, viz., lipophilic L (correspond-
ing to the core) and hydrophilic H (corresponding to the
shell), are characterized by separate subsets of descrip-

tors. Due to the differences in the properties of the L and
H fragments, one can expect that the additivity of the
effects of different structural groups in the amphiphilic
ions on the 7y value (and on other properties) is better
fulfilled as applied to the L and H fragments rather than to
the whole anion. The equation of linear multiple regres-
sion for the model proposed can be written, in the general
case, in the form

P= ZkL,iDL,f + ZkH’,-DH’i + const, (1)

where P = T, (or another property); D; ; and Dy ; are the
descriptors for the L and H fragments; and k; ; and kp;
are the coefficients at the descriptors, respectively.

Table 2. Optimal subset of descriptors for the series of anionic surfactants with sulfate and sulfonate head groups

Descriptor Characteristic Value
Vi Volume of the L fragment of amphiphilic anion V; values (calculated for Ny, = 2) are presented in Table 1
Ny Number of ramifications (CH groups) in the L fragment  For anions 6—8 N; = 1, for other anions N; = 0
Vi Volume of the H fragment of amphiphilic anion Vy values (calculated for Ny, = 2) are presented in Table 1
Ny Number of ramifications in the H fragment For anions 9 and 10 N = 2, for anions 11—13, 31—42,
and 45—53 Ny = 1, for others Ny = 0. For anions
31—-38 and 50—53 Ny = 1, because in the model used
ramification of the COO groups should
be taken into account
Npp Number of benzene cycles and alkene groups For anions 39—44 Npy, = 1, for other anions
in the H fragment Npp,=0
No Number of O atoms in ether groups For anions 11—15, 22, and 45 Ny = 1, for anions 9, 10,
and hydroxyl groups, which do not form 16, 17 and 23 N = 2, for anions 18 and 19 N = 3, for
hydrogen bonds with the head group, anions 20 and 21 N = 4, for others N =0
in the H fragment
N Number of COO and SOO groups in the H fragment For anions 1—23 and 32—37 N, = 1, for anions 54—57
both sulfate groups are taken into account, N, = 2,
for others N, =0
Non Number of OH groups of the H fragment capable of For anions 46—53 Ny = 1, for other anions

forming a hydrogen bond with the head group
of the amphiphilic anions

NOH=O
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Our calculations showed that the model tested is sta-
tistically appropriate and corresponds to the regression

T, = (—50.743.3) + (43.7+1.1)V, + (29.8+3.6)V;; —
— (22.2+1.8)N; — (8.35+0.91)N;; — (8.3+1.7)Npy, —

— (19.7+1.1)Ng — (14.9£1.4)N,, + (32.9+1.4) Ny (2)
(n=55,5=2.6,r=0.994, F=533),

obtained using the optimum subset of descriptors (their
characteristics are given in Table 2). Equation (2) de-
scribes ~99% of the total change in the 7} values (deter-
mination coefficient 72 = 0.987) for the series of 57 an-
ionic surfactants examined (see Table 1), except for an-
ions 42 and 43 (see below).

Using the additive model, which does not include the
isolation of the L and H fragments from the structure of
the amphiphilic anions, we obtained the following re-
gression:

T, = (=57.143.7) + (42.9+1.5)V,, — (11.46+0.93)N, —
— (15.542.2) Npy, — (22.60+0.80) Ny — (19.7%1.1)N,, +

+(32.5+1.8) Noy 3)
(n=55,5=3.6,r=0.988, F = 380),

The descriptors for the whole anions were used in the
calculation of this regression (in particular, V,, = V; + Vg
and N; = N; + Ny; other descriptors did not require
recalculation but in this model they refer to the whole
anions).

The significant differences in coefficients for the pair
descriptors (V; and Vy), (N; and Ny) in regression (2)
and better statistical characteristics of Eq. (2) compared
to (3) confirm that the model with separate account of the
structures of the L and H fragments is preferential.

The Ty values for anions 42 and 43 (see Table 1) were
excluded from the calculations of regressions (2) and (3).
Their deviations from Eq. (2) were several times higher
than those for other anions and exceeded the criterion 3s.
Probably, the T} values for anions 42 and 43 contain high
experimental errors (§—9 K).

The calculations of regression (2) are performed in
several variants, which made it possible to estimate the
number of the CH, (or CH) groups N, in the hydrocar-
bon tail, which penetrate into the polar shell of micelles
and, correspondingly, are included into the composition
of the H fragment. In the calculation of the variants, the
V; and Vy descriptors were calculated in the N, interval
from 0 to 4, and then the statistical characteristics of all
five variants of regression (2) were determined. The mini-
mum s value and maximum » and F values were obtained
under the condition Ny, = 2 corresponding to regres-
sion (2). Several calculations of regression (2) were per-

formed at variation of 1) the N, values in the [0,4] inter-
val for the anions without polar groups and under the
condition Ny, = 2 for other anions and 2) N, values for
the anions with polar groups under the condition that
Ny, = 2 for other anions. In both cases, the quality of
regression (2) did not improve. Thus, the statistical esti-
mation makes it possible to accept Ny = 2 for all
amphiphilic anions (see Table 1). This value was used in
the calculations of the regressions in this work. Regres-
sion (2) describes well the T} values for symmetrical
bolamorphic amphiphiles (anions 54—57, see Table 1)
when Ny, = 2 is used for each end of the hydrocarbon
chain.

The coefficients at these descriptors in Eq. (2) show
that an increase in the volumes of the V; and Vj frag-
ments increases the 7, value to different extent. The rami-
fication of the L and H fragments also has different effects
on T, decreasing the latter. In both cases, the lower
absolute values of the coefficients correspond to the
H fragment. Probably, the smaller influence of the vol-
ume and ramification of the H fragment on 7} can be
explained by the fact that its group-components exist in
the partially hydrated state in the crystalline phase,! and
changes in their solvation on transferring to micelles are
not great.

The coefficients at the descriptots for the polar groups
in the H fragment are negative in most cases. They reflect
their influence on the hydrophile-lipophile balancel® of
the amphiphile. The ramification of the anionic surfac-
tants results in loosening of the internal structure of mi-
celles and facilitating water to penetrate into the polar
shell.1® This agrees with the negative coefficients at the
N; and Ny descriptors. The positive coefficient at the
Ngy descriptor shows that the formation of an intramo-
lecular hydrogen bond between the polar and head group
decreases the hydration of the latter. The equilibrium be-
tween micelles and crystal hydrates should shift toward
the crystal hydrates, increasing the 7} value.

The differences between the calculated (using Eq. (2))
and observed Ty values (see Table 1) correspond to the
level of reproducibility of the latter in different works.
Eight descriptors were needed for the considered series of
anionic surfactants, whose structures contain the sulfate
and sulfonate head groups, the ramifications of the L and
H fragments, and various polar groups. The number of
these descriptors could be greater, but for three pairs of
polar groups (C¢H4 and CH=CH, C(0)O and S(O)O,
OH and COOH involved in the hydrogen bond) their
influence on 7} was the same within the pairs, which
made it possible to use three instead of six descriptors.

When excluded the anions with some polar groups
from the subset, the regressions with a smaller number of
descriptors can easily be obtained. In particular, when the
subset does not contain anions with any polar groups in
the H fragment and the L and H fragments are not
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Table 3. Structure of the L and H fragments and their contributions to Eq. (2)

Anion L H 2a; Dy ; Zay Dy
1 CgH; (CH,),0805~ 51.63 6.35
2 CioHa; (CH,),0805" 63.95 6.35
3 C,Hys (CH,),080;~ 76.26 6.35
4 C4Hy (CH,),080;" 88.58 6.35
5 C6H3s (CH,),0805" 100.89 6.35
6 (Me),CoHy (CH,),0805" 54.06 6.35
7 (Me),C,Hyy (CH,),080;" 66.38 6.35
8 (Me),C 4Hyg (CH,),0805" 78.69 6.35
9 Ci4Hy (CH,),(OCH,CHMe),080;~ 88.58 —21.02
10 Ci¢Hss (CH,),(OCH,CHMEe),080;~ 100.89 -21.02
11 C,Hys (CH,),0CH,CH(Me)0SO05" 76.26 —7.34
12 C4Hyg (CH,),0CH,CH(Me)0SO05" 88.58 —7.34
13 Cy6H3s (CH,),0CH,CH(Me)0S0;5~ 100.89 ~7.34
14 Ci4Hyg (CH,),0C,H4080;" 88.58 -3.19
15 Ci¢Hss (CH,),0C,H,080;" 100.89 -3.19
16 C4Hy (CH,),(0C,H,),0S05" 88.58 —12.72
17 C6H3s (CH,),(0C,H,),080;" 100.89 —12.72
18 Cy4Hyg (CH,),(0C,H,);080;" 88.58 —22.25
19 Ci6H3s (CH,),(0C,H,);080;" 100.89 —22.25
20 Ci4Hyg (CH,),(0C,H,),0S05" 88.58 -31.78
21 C6H33 (CH,),(0C,H,),080;~ 100.89 -31.78
22 CioHy, (CH,),0C,H,080;" 63.95 -3.19
23 CioHy, (CH,),(0C,H,),080;" 63.95 —12.72
24 CjoHy, (CH,),SO5~ 63.95 19.50
25 Cy Hy; (CH,),SO5~ 70.10 19.50
26 Cp,Hos (CH,),SO05~ 76.26 19.50
27 Ci3Hy, (CH,),SO5~ 82.42 19.50
28 C4Hy (CH,),SO5~ 88.58 19.50
29 1sHs; (CH,),SO5~ 94.73 19.50
30 Cy6Hjs (CH,),SO5~ 100.89 19.50
31 C¢Hy5 (CH,),C(0)OC,H,SO;" 39.32 11.06
32 CgHy; (CH,),C(0)OC,H,SO;" 51.63 11.06
33 CoH,, (CH,),C(0)OC,H, SO~ 63.95 11.06
34 Cp,Hys (CH,),C(0)0C,H,S05" 76.26 11.06
35 CeH3 (CH,),0C(0)C,H, SO~ 39.32 11.06
36 CgHy; (CH,),0C(0)C,H,SO;" 51.63 11.06
37 CoHy, (CH,),0C(0)C,H,SO;" 63.95 11.06
38 CyyHys (CH,),0C(0)C,H,SO;" 76.26 11.06
39 CoHyg CH,CH(Me)C¢H,SO5~ 57.79 25.16
40 C,Hys CH,CH(Me)C¢H,SO;~ 70.10 25.16
41 Ci3Hy, CH,CH(Me)C¢H,SO;~ 82.42 25.16
42 C,sHj, CH,CH(Me)C¢H,SO5~ 94.73 25.16
43 C¢H 3 (CH,),C¢H,S05~ 39.32 29.31
44 CioHy, (CH,),CH=CHCH,S0;" 63.95 22.51
45 CyHy, CH,CH(OH)C,H,S0;~ 70.10 1.62
46 CoHyg CH,CH(CH,0H)SO5~ 57.79 50.00
47 C,Hys CH,CH(CH,0H)SO0;~ 70.10 50.00
48 Cy3Hy, CH,CH(CH,0H)SO5~ 82.42 50.00
49 C,sHj, CH,CH(CH,0H)SO5~ 94.73 50.00
50 CoHyg CH,CH(COOH)SO0;~ 57.79 50.46
51 CHys CH,CH(COOH)SO;~ 70.10 50.46
52 Ci3Hy, CH,CH(COOH)SO;~ 82.42 50.46
53 CsHj, CH,CH(COOH)S0;~ 94.73 50.46
54 CsH 6 [(CH,),080571, 50.69 11.72
55 CyoHyg [(CH,),05057], 63.01 11.72
56 CpHyy [(CH,),0S5057], 75.32 11.72
57 Cy4Hys [(CH,),080571, 87.64 11.72
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ramificated, the three-parameter regression can be ob-
tained

Ty = (—46.614.6) + (41.7+1.9)V, +

+(29.4£4.5)Vy — (15.0£1.8) N 4)
(n=16,5=2.6,r=0.989, F=235).

Equation (4) describes the T, values for n-alkyl sul-
fates, n-alkyl sulfonates, and bolaformic sulfates (1—5,
24—30, and 54—57, see Table 1). Due to the smaller
number of the terms in the subset (n = 16), the errors of
the coefficients in Eq. (4) are higher than those of the
corresponding coefficients in Eq. (2). A similar decrease
in quality can be expected for other particular regressions,
which should not be calculated because Eq. (2) describes
possible variants.

It is of interest to compare the influence of the L and
H fragments on the T, values. The structure of the L and
H fragments for the series of amphiphilic anions (see
Table 1) and total effects of the fragments on the 7} values
are presented in Table 3. For all anions, the L fragment
makes the predominant contribution to the 7} value
(Zkp Dy ; > Zky Dy ). However, in the series of
amphiphiles considered, the Xk; ;D ; value changes in
the interval of 62 K, and the change in Xk ;D ; is 82 K.
Due to this, when the structure of the amphiphilic anions
is varied, the 7} values depend, to a greater extent, on the
structure of the H fragment. The negative Tk ;D ; val-
ues were obtained for anions 9—23. They reflect the
most pronounced decrease in the 7, values when the
amphiphiles contain the corresponding H fragments.

No software is required for the prediction of the Ty
values of the anionic surfactants, whose structures corre-
spond to those in Table 2, using Eq. (2). It is not difficult
to calculate the necessary descriptors (see Table 2). Quali-
tative consequences from Eq. (2) can be used in the syn-
thesis of new surfactants. Different polar groups favor the
decrease in 7}, and their effect are additive. When the
nature of the groups changes, their influence decreases in
the series C(O)O > COC = OH > S(O)O > Ph= CH=CH

(the OH group, which does not form a hydrogen bond
with the head anions, is shown). The 7, values also de-
crease when the L and H fragments are ramificated and
their volumes decrease.
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