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High Resolution Nuclear Magnetic Resonance Study
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Abstract: Proton chemical shifts, progressive saturation, and high resolution spin-lattice relaxation times (7%)
were measured at 220 MHz for three p-tert-octylphenoxy(polyethoxy)ethanols, with average polar chain lengths of
9-10, 12-13, and 30 ethoxy groups. Bulk detergents, aqueous solutions above and below the critical micelle con-
centration, and solutions in dioxane, ethylene glycol, and benzene were studied. Chemical shifts were assigned to
the various groups in the detergent molecule. The band corresponding to the CH, signals of the polyethoxy chain
is partially resolved into several peaks in the aqueous solutions. Based on the relative chemical shifts and on the
differences in relaxation times, some of these peaks can be assigned to CH; groups occurring in various locations
along the polyethoxy chain and having different local environments. The interior of the micelle is liquid-like and is
not penetrated by solvent to any significant extent. The methylene and the internal methyl groups of the hydro-
carbon chain are actually in a less polar environment in the micelle than in the bulk detergent. The opposite is true
for the polyethoxy chain. Contact with solvent seems to begin in the region of the first ethoxy group following the
phenyl group and gradually increases toward the other end of the chain. The mobility of the segments increases in

the same direction.
mobilized.

Detergent molecules in solution associate reversibly
and cooperatively into large aggregates, termed
micelles, above a certain concentration, called the
critical micelle concentration (cmc).?2 Studies of micelles
in water are more numerous, but micelles have also
been studied in many aqueous solvent mixtures®=* and
have recently been shown to occur in a wide variety
of nonaqueous solvents.® It is generally accepted?—®
that the nonpolar tails of the detergent molecules com-
prise the interior of the micelle, while the polar head
groups, charged or uncharged, are located on the
exterior, maintaining contact with the solvent and
keeping the micelle in solution. “Inverted micelles”
are known to form in hydrocarbon solvents only.”®
While micellar association has its own intrinsic interest,
it is also important as a relatively simple model system
for hydrophobic interactions in globular proteins—¢
and for lipid-lipid and lipid-protein interactions in
complex systems such as biological membranes.® 1
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Water molecules in the region between the polyethoxy chains appear to be partially im-

The following important questions, among others,
arise in detailed studies of micelles: (a) that of the
arrangement and relative mobility of the various parts
of the detergent molecules in the micelle, (b) that of the
extent to which these parts come into contact with the
solvent.2!! Conventional physical methods supply
little information regarding these questions. A much
more powerful approach is provided by various nmr
techniques.

Some nmr studies have been reported in the past
on both ionic!?-1¢ and nonionic!’~!? detergent solutions.
These studies were concerned with the detergent proton
signals,1%1%1? the water proton signals,'#'® or both.!®
Studies of proton chemical shifts of solubilized aro-
matic hydrocarbons? 2! in micelles, and of '°F chem-
ical shifts of partially fluorinated ionic and nonionic
detergents in solutions,!¢V led to the conclusion that
there is considerable penetration of these micelles by
water molecules.!61.2!  Spin-lattice relaxation times
(Ty) of the water protons in solutions of sodium alkyl
sulfates were interpreted in terms of possible penetra-
tion of these micelles by water.!%1® However, T
measurements of the protons of an alkyl(polyethoxy)-
ethanol, a nonionic detergent, led to the conclusion
that there is no significant water penetration of these
micelles even at the level of the alkyl CH, group closest
to the polyethoxy chain,!® in contrast to interpreta-
tions of the chemical shifts for the same detergent.

We studied the chemical shifts and T; of the various
groups of protons in several nonionic detergents of the
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alkylphenoxy(polyethoxy)ethanol class, used earlier in
our laboratory in other studies.* We compared the
detergents in the bulk liquid and in aqueous micellar
solutions and studied one detergent in a few organic
solvents, in order to obtain comparative data for various
solvent environments. The structure of the three de-
tergents used is as follows??

CHS—Cl—CHz—T—O—(OCHZCHz),.OH 0))
CH, CH,

where n is the average number of ethoxy units in the
molecule. Theabbreviation OPE, will be used through-
out the paper. The presence of polydispersity of chain
length (#) and its probable effect on the micelles was
discussed elsewhere.*® For conciseness’ sake, we will
refer to various parts of the molecule as follows: the
“terminal’’ methyl groups, those of the (CH;);C group;
the ““internal”” methyl groups, those located on the
carbon next to the aromatic ring; the “first” ethoxy
group, the one located next to the aromatic ring; the
“last” ethoxy group, the one located next to the hy-
droxyl group.

Experimental Section

Triton X-100 (OPEs_10), Triton X-102 (OPE;;_15), and Triton
X-305 (OPEj;), supplied by the Rohm and Haas Co., were used
without further purification. Bulk liquid samples of the first two
were free of water. The sample of OPEj3, contained 31 & water by
weight. The water content was obtained from nmr measurements
by determining the ratio of the signal areas corresponding to the
protons of the ethoxy chain and of water, if any.

Deuterium oxide of at least 99.8 % isotopic purity was obtained
from Thomson and Packard, ethylene-1,1,2,2-d, glycol from Merck,
Sharp, and Dohme of Canada Ltd. Benzene and chloroform of
spectroquality grade and dioxane of chromatoquality grade, sup-
plied by Matheson Coleman and Bell, were used. Solutions were
made up by weight,

Proton chemical shifts were measured on a Varian HR220 spec-
trometer at 220 MHz. Values listed are averages over several
measurements, at a probe temperature of 18°. All observed chem-
ical shifts, §, were corrected for the differences in the volume dia-
magnetic susceptibility?? of the sample (xs) and the external refer-
ence (x:). The correction terms are listed in Table I.  x, was ex-
perimentally determined by high resolution nmr. The method of

Table I. Volume Diamagnetic Susceptibilities®
Correc-
tion
Xs X 108, term,?
System Concn esu ppm
Detergent samples
OPEs_10 Liquid —0.702 0.16
OPEi2-13 Liquid —0.697 0.18
OPE;, 69 7 (wt) —0.725 0.06
Micellar solutions
in H,O
OPE;s_10 0.104 M —0.728 0.05
OPEi2-15 0.103 M —0.728 0.05
OPE;, 0.140 M —0.728 0.05
Dioxane Liquid —0.612 0.54
Water Liquid —0.720¢ 0.08

e Determined in this study, unless indicated. The precision of
the xs vqlues is £0.001 esu. ? Correction for differences in the
volume diamagnetic susceptibility (see text). ¢ Reference 18.

(22) C. R. Enyeart, “Nonionic Surfactants,”” M. J. Schick, Ed.,
Marcel Dekker, New York, N, Y., 1967, p 50.
(23) W. C. Dickinson, Phys. Rev., 81, 717 (1951).

6165

variation of field orientation, originally suggested by Becconsall, 24,25
was used. It utilizes the difference of the bulk susceptibility con-
tribution to the total magnetic field in a cylindrical sample with the
geometrical axis oriented either perpendicular or parallel to the
static field H,. Indicating the chemical shifts, measured in ppm,
in the two cases with §; and §)|, respectively, the following relation-
ship can be derived.

(53 _ 5,) _ (55 _ 5r)
.1.27r 1l (1)

Chloroform was used as reference, with x. = —0.740 X 107¢ at
20°,2¢  Measurements of 8 were made on a Varian HR220 spec-
trometer, those of §, on a Varian A60. The same probe tempera-
ture, 18°, was set in both instruments. The validity of the method
was checked on pure 1,4-dioxane. The measured value of the bulk
susceptibility (Table I) coincides exactly with the value calculated
from the literature data.26.2” Some measurements were also
checked on a Bruker HFX-90 spectrometer. Reproducibility was
better than 0.001 esu.

Progressive saturation measurements were carried out at 220
MHz. The signal intensities were measured under conditions of
slow passage through the resonance frequency as a function of the
logarithm of the applied radiofrequency power.2? The width at
half-height of the signals was measured at 60 and 220 MHz at radio-
frequency fields well below the saturation value.

A Fourier transform spectrum for monomeric OPE;_i, was ob-
tained at the Varian Associates Laboratories, Analytical Instru-
ments Division, Palo Alto, Calif.

Samples used for relaxation time (71) measurements were de-
oxygenated in several freeze-vacuum pump-thaw cycles and were
sealed under nitrogen. The Ti values of individual lines were
measured at the nmr facilities of the Johnson Research Foundation,
on a Varian HR-220 spectrometer modified for the use of the
Fourier transform technique.2®=3! The ‘“‘inversion-recovery”
method was used, employing a w—7-/2-7’ pulse sequence,?233
where 7 is the delay time between the radiofrequency pulse of =
with which the magnetization is inverted and the monitoring pulse
of x/2 which excites the free induction decay signal. In time 7,
the magnetization returns practically to its equilibrium value.
For each line, T} was evaluated from the slope in the plot of the
logarithm of the longitudinal magnetization vs. 7.

Xs = Xr +

Results and Discussion

Diamagnetic Susceptibilities. Values measured for
the liquid detergents and their aqueous solutions at
18° are listed in Table I. The method described above,
applied to the ethoxy and the terminal methyl proton
signals, gave identical values for the susceptibilities
within experimental error. This indicates that possible
local differences of the diamagnetic susceptibility in
the hydrophobic core and the hydrophilic exterior part
of the micelles are at most of the order of 10—° esu.

The diamagnetic susceptibility of the aqueous deter-
gent samples is slightly higher than that of pure water
(Table I). According to the Wiedmann-Frantz law of
additivity,?%* however, it should be slightly lower.
The reason for this discrepancy is not clear.
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TableII. Chemical Shifts § of the Detergents in the Bulk and in Aqueous Micellar
Solution, Expressed in ppm, with Respect to CHCl; as External Reference®

CHs CH3 H H
| | / \
CH,—C CH, fl‘ 0 —-~CH, CH,—(0—CH,—CH,),.,—OH
(l}H3 CH, H H
Substance
Bulk detergent
OPE;_1o 6.64 5.66 6.04 0.51 0.12 3.3 3.59 3.80
OPE3-13 6.62 5.65 6.02 0.50 0.11 3.30 3.58 3.79
OPE;, (69 %) 6.63 5.67 6.04 0.49 0.12 [3.64-3.70p
Dioxane (liquid) 3.74
Aqueous solutions
OPEq_10 6.65 5.70 6.07 0.51 0.13 3.32 3.55 [3.59-3.70]
OPE1s-13 6.64 5.69 6.06 0.50 0.12 3.31 3.54 [3.60-3.70]
OPE;, 6.64 5.68 6.06 0.49 0.13 [3.60-3.69]
Dioxane 3.59

e The sign of § is taken as positive in the direction of increased electron screening. Estimated precision, 0.01 ppm. All values are cor-
rected for volume magnetic susceptibility. ® Numbers in brackets indicate the positions of the extreme peaks in the partially resolved main

ethoxy band.

Hy0

- OM - (OCHCH,) = {CH I

CHCIg 220 MHz

= {CH3,C-

N JJUL

o [2e) 2.0 7.0

ppm

Figure 1. Proton resonance spectrum of OPE;_;, in micellar
solution in HyO at a detergent concentration of 0.104 M (7.1%
(w/v) = 0.002 mol fraction = 430 times critical micelle concentra-
tion), All assignments are indicated. See the text for a discussion
of peak E. The signal of chloroform, used as external reference,
is shown above the spectrum. All spectra in this and the following
figures are corrected for differences in the volume diamagnetic
susceptibilities.

Chemical Shifts in Aqueous Micelles and in the Bulk.®
Corrected chemical shifts for all three detergents are
listed in Table II. An example of a complete spectrum
is shown in Figure 1. Assignments were based on rela-
tive signal areas and on general considerations of elec-
tron shielding effects.?%3% The combined error of the
observed chemical shifts (+0.005 ppm) and of the sus-
ceptibility determinations is estimated as =0.01 ppm
for the entries in the table.

In the pure detergents, the ethoxy proton signals con-
sist of a main unresolved asymmetric band and of two
small signals at lower fields (Figure 2). For OPE,_y,
the area of each small peak (a and b in Figure 2), deter-
mined graphically, is about 79 of the total area as-
signed to ethoxy signals; i.e., it corresponds to two
protons. These two peaks are assigned to the two
methylene groups of the first ethoxy unit. Their low
field shift can be attributed to the diamagnetic anisot-
ropy effect of the phenyl group.?

(35) P. Laszlo, Progr. Nucl,, Magn. Resonance Spectrosc., 3, 280
(1967).

(36) F. A. Bovey, ‘“‘Nuclear Magnetic Resonance Spectroscopy,”
Academic Press, New York, N. Y., 1969,

monomer
H

—_

220 MHz

micelle

o b
@-O-CHZ-CHZ-O- £

— (0CH,CH,) o=

32 3.4 3.6 38 4.0
ppm [CHCI reference]

Figure 2. Comparison of the main ethoxy band of OPE,_i, in
the bulk liquid and in aqueous solutions at high and low con-
centrations (micelle and monomer, respectively). The spectrum of
the micellar solution is the same as in Figure 1. The monomer
signal was taken at a detergent concentration of 1.3 X 107 M,
For the liquid, all ethoxy signals are shown. The assignment of the
bands marked a and b is discussed in the text., S.B. = side band.
Corrected chemical shifts of the liquid and micelle signals are
based on chloroform as external reference. For the monomer, no
external reference was used (see text).

In aqueous micellar solution, the main band is
shifted considerably to lower field; it is resolved par-
tially into several overlapping resonances (Figure 2).
Of the two small peaks, a is unchanged, while b (as-
signed to the CH, group further from the phenoxy
group) is downfield shifted by 0.04 ppm only. The
comparison of the shifts for the two first CH, groups,
together with their difference with respect to the main
band, suggests that the extent of contact with water in
the micelles, after being very low for the first CH,

(37) This assignment was substantiated by measurements under
similar conditions on two alkyl(polyethoxy)ethanols, Ci:H:s(OCHaz-
CH:),OH, with » = 6 and 9. The positions of the main ethoxy band

and of the OH band are very close to those for OPEg_1q, but th.e two
small signals at lower field (a and b) are absent: A, Ray, to be published.

Journal of the American Chemical Society | 95:19 | September 19, 1973



group, increases relatively faster in the region contain-
ing the first few ethoxy groups than in the region in
which the further ethoxy groups are located. Gen-
erally, when a group containing a proton, not engaged
in hydrogen bonding, is transferred from a less to a
more polar environment, solvent effects cause a down-
field shift if changes in the diamagnetic anisotropy of
the two solvents can be neglected.

The main ethoxy bands of all three detergents are
compared in Figure 3. The total width of the band is
the same within experimental error. However, the
shape varies strongly with an increase in the chain
length; only the intensity of the peaks in the lower
field region of the band increases. This suggests that
the ethoxy groups in the part of the molecules far from
the nonpolar part, and therefore presumably located
on the outside of the micelle, are exposed to a similar
local environment, different from the first few ethoxy
groups, but essentially the same for all the additional
groups in the two higher homologs. We refer here
primarily to the degree of exposure to the solvent as
local environment.

The lowest field peak (denoted E) coincides in all
three detergents and has the same chemical shift as that
of dioxane in dilute aqueous solution (Table II). Its
area in the OPE,_y signal corresponds to not more
than two protons. We assign it to the last methylene
group (next to the terminal hydroxyl), fully hydrated
on the outside of the micelle.

On the other hand, the chemical shift of bulk liquid
dioxane is intermediate between those of the ethoxy
bands of micellar and of bulk liquid detergents (Table
IT). It seems that even ethoxy groups not fully sol-
vated by water in the micelle are in a more polar en-
vironment than that occurring in pure dioxane, The
latter would be an approximate analogy for tightly
packed and unsolvated polyethoxy chains. Further,
the environment of the polyethoxy chains in the bulk
liquid detergent is less polar than is pure dioxane, due
to the randomly located alkyl groups in the former. %

The chemical shifts of the alkyl and phenyl protons
are independent of the ethoxy chain length, either in
pure detergents or in the micelles (Table II). The
comparison of the chemical shifts in the micellar solu-
tion with those for the bulk detergents shows that the
proton signals of the terminal methyl groups and of the
phenyl group remain unchanged (within experimental
error), while the signals of the methylene group and of
the internal methyl groups are slightly upfield shifted.
Thus we can conclude that there is no water or very
little in the interior of the micelle. The environment
of the alkyl groups in the micelles appears to be even less
polar than in the pure liquid.# In the latter, the poly-
ethoxy chains provide a partially polar environment.

Chemical Shift of the Monomer in Aqueous Solution.
The chemical shift of the OPE,y_;, main ethoxy band
was determined with the Fourier transform method,
in D,O at a concentration about half the critical micelle
concentration found in H,O solutions.* Five hundred

(38) A. D. Buckingham, T. Schaeffer, and W. G. Schneider, J.
Chem. Phys., 32,1227 (1960).

(39) J. J. Jacobs, R. A. Anderson, and J, R. Watson, J. Pharm. Phar-
macol., 23,786 (1971).

(40) The opposite medium effects seen for the diverse parts of the
detc.ergent molecule are analogous to the observations by Eriksson on an
ionic detergent.® Similar changes were found by Corkill, et al.,!s for
the ethoxy chain of a related nonionic detergent.
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220 MHz

OPE4q

. . . .
35 36 37 3.8
ppm [CHCl4 reference]

Figure 3. Comparison of the main ethoxy band of the three de-
tergents, in micellar solution in water. The signal for OPE,_y, is
identical with that shown in earlier figures, that for OPEy;-13
was taken at a concentration of 0.103 M (8.4% (w/v) = 0.002 mol
fraction = 400 times critical micelle concentration®), that for
OPE;, at 0.070 M (11.2% (w/v) = 0.001 mol fraction = 130
times critical micelle concentration®), The signal for OPE;, is
shown in part dashed only for ease in distinguishing the curves in
the figure.

transients were accumulated. The band is narrower
than that in micellar solution (Figure 2). We assume
that peak E has the same chemical shift as in the micelle.
This is reasonable since the latter peak was assigned to
the fully solvated last methylene group. Its environ-
ment ought not change with dilution. The assumption
is supported by comparison with aqueous dioxane solu-
tions and by the 7; measurements on the micellar solu-
tion (see below). The band is narrower than that for
micelles, in that the signals are downfield shifted to-
ward band E, indicating an increase in the polarity of
the environment. This behavior is consistent with
our earlier interpretation, in which we postulate that
the peaks on the left of the band in the micelle are sig-
nals of the more fully solvated ethoxy groups. Their
environment must be similar to that of all ethoxy groups
in the monomer.

Several signals seem to appear in the monomer band,
too, indicating some nonuniformity of the various
ethoxy groups. This might be due to differences of
the chemical environment along the chain, accentuated
by the high sensitivity of the 220-MHz instrument, but
the data do not warrant a more detailed analysis.

Chemical Shifts in Nonaqueous Solvents. The chem-
ical shifts for OPE,_j, were determined in dilute solu-
tions, using chloroform as external reference (Table
III and Figure 4). The concentration in ethylene-d,
glycol is below the critical micelle concentration
(0.08 M at 25°).¢ The bulk susceptibilities of all
solutions in organic solvents were computed from the
Wiedmann-Frantz additivity law. At these detergent
concentrations, the correction terms are practically
identical with those for the pure solvents.

The chemical shifts of the alkyl protons are either
identical within experimental error (terminal methyl

Podo, Ray, Nemethy | Nmr Study of Nonionic Micelles
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TableIII. Chemical Shifts of OPE,_1 in Various Solvents, Expressed in ppm, with Respect to CHCl, as External References
CH3 (;HS H ‘H
|
CH;—C— CHz——C———Q—O-—CHz—CHZ—O—(CHchz),,_l—-OH
Concn, l l
Solvent M CH; CH, H H xs X 1088
Water 0.104 6.65 5.70 6.07 0.51 0.13 3.32 3.55 [3.59-3.70]¢ —0.728¢
(micelle)
Liquid 1.0 6.64 5.66 6.04 0.51 0.12 3.31 3.59 3.80 —0.702¢
Dioxane 0.011 6.65 5.62 6.03 0.53 0.06 Obscured by dioxane signal —0.612¢
Ethylene-d, glycol 0.017 6.63 5.61 6.00 h h 3.80-3.82 —0.698¢
Benzene 0.010 7.04  6.16 6.52 f f [4.33-4.46] —0.611¢
Line width
(A1) in water (Hz) 3.5+0.5 7x1
@ See footnote a to Table I1.  ® Used for the bulk susceptibility corrections. ¢ This work. ¢ See footnote b to Table II, ¢ It was assumed

that the value given for the protonated molecule?¢ is applicable here.
noise.

/ Obscured by benzene signal.

¢ Reference 18. * Not resolved from

TableIV. Relaxation Time T (msec) and Saturating Radiofrequency Power Levels for Aqueous Micelles in D:O at 220 MHz

Detergent OPEg_lo OPE12_13 OPEgo OPEg_lo
Concn, M 0.104 0.052 0.103 0.070 0.052
and 0.104
Temp, deg 39 18 18 18 18
Ty@ rf power, dB?
?CHJ)G 270 200 195 185 34.5
?Hz 150 150 150 150 38
C(CHy), 130 105 115 115 37
H H 370 330 320 320 39
H H 310 260 270 270 41
(0]
CIH2 360 210 41
|
CH, 415¢ 190¢° d
|
(0]
éH_, 460-580 290-370 315-410 340-470 36.5t0 31
|
CH./,, Peak E: 850¢ 600° 26
I
OH
e Precision: =20 msec, except where indicated otherwise. ? Precision: =0.5dB. ¢ Precision: =50 msec. ¢ Seeref42,

H

220 MHz
EG

pure
detergent

benzene

L t L 1 i 1 L L L L

.
36 3.8 4.0 4.2 4.4 4.6
ppm [CHCI5 reference]

Figure 4. Comparison of the main ethoxy band of OPE,_; in
the liquid state and in organic solvents. The signal for the pure
detergent is identical with that shown in Figure 2. Concentrations
are listed in Table III.

groups) or altered very little in the bulk and in the
organic solvents, except for benzene. They are all
somewhat downfield shifted with respect to the signals
in aqueous micelles. This supports the arguments

made above regarding the latter solution. The chem-
ical shift of the ethoxy band in ethylene-d; glycol is
very similar to that in the bulk liquid.

In benzene, all signals are strongly upfield shifted.
This, as well as the splitting of the ethoxy band (Figure
4), suggests that there are variations in the interactions
of various segments with neighboring benzene rings
of the solvent. Differences in the broadenings ob-
served in the ethoxy region suggest differences in the
mobility along the chain.

Progressive Saturation Measurements. In order to
get a qualitative insight into the dynamic structure of
aqueous micelles, we carried out progressive satura-
tion measurements® in CW on individual peaks of
micellar OPE,_;; in D,O. Under conditions of slow
passage,?® 41 the saturating value of the applied radio-
frequency field is related to the spin-lattice (71) and
spin-spin (T:) relaxation times by the relation (vHy)?*
T.T; = 1, where v = the nuclear magnetogyric ratio.
The applied fields, required to yield maximal signal
amplitudes for the various detergent signals, are listed
in the last column of Table IV, The saturating field is
highest for the “central” part of the detergent molecule,

(41) A. Carrington and A. D. McLachlan, “Introduction to Mag-
netic Resonance,” Harper and Row, New York, N. Y., 1967.
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Figure 5. Progressive saturation of the main ethoxy signal of
OPE,;_y, (0.052 M) in micellar solution in D,O. Signals are shown
at various saturating radiofrequency levels, expressed in dB of
rf power.

between the alkyl methylene group and the first ethoxy
group.4? The field is lower (and hence 717> higher) for
the terminal methyl groups. Presumably, this reflects
the high rotational freedom of the symmetrical termi-
nal tert-butyl group. Except for the first one, the
methylene groups of the ethoxy chain require a lower
saturating field than the alkyl methylene group. This
can be due to the rigidity of the strongly branched
alkyl group. The shape of the main ethoxy band
changes considerably with increase of the radiofre-
quency power level (Figure 5). This strongly suggests
different mobilities or packing densities, or both, of
the various groups contributing to the band (¢f T)
measurements). No accurate measurements for each
component of the band were possible. However, we
could estimate that the saturating power level decreases
from 36.5 to 31 dB from the left to the right side of the
band, with exception of the E peak for which a much
lower value was found. This too supports the earlier
assignment of peak E to the last methylene group of
the ethoxy chain.

Because of the intrinsic limitations of this method,4?
it served merely as a qualitative auxiliary study to the
direct determination of the 7, values, to be reported
next.

T: Measurements in Aqueous Micelles. Spin-lattice
relaxation times, 73, for micellar solutions in D,O at
18° are shown in Table IV. Detergent concentrations
were 100 to 500 times higher than the critical micelle
concentrations. This ensured that the data represent
relaxation times in the micellar form only.

Within experimental error, T, values for all alkyl and
phenyl proton signals are identical in all three deter-
gents. The high T, for the terminal methyl groups (as
compared with the other alkyl signals) confirms our
conclusion (¢f. saturation measurements) about the
higher rotational mobility of the terminal group. The

(42) The determination of the saturating field for the second CH:
group was difficult because of the partial overlap of its resonance with
the main ethoxy band,

a (gg) J. Reuben, D. Fiat, and M. Folman, J. Chem. Phys., 45, 311

966).
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Figure 6. Tlustrative examples for the measurements of 71 on
the main ethoxy band of OPE,_1, (0.052 M) in micellar solution in
D;O. Signals are shown for various values of the delay time 7
between the = and the /2 pulses. They represent the differences
between the magnetization at equilibrium (r — «) and at time
7.4¢ It is to be noted that various components of the band have
different relaxation times.

small value of T for the alkyl methylene group, as com-
pared with those for the ethoxy groups, also agrees
with the saturation data.

The longitudinal relaxation of the CH, groups of the
first ethoxy unit is intermediate between those of the
alkyl CH, and that of the rest of the polyethoxy chain.
Presumably, the mobility of the portion of the poly-
ethoxy chain next to the phenoxy group is rather re-
stricted. Mobility increases faster in the region around
the second ethoxy group than for the further ethoxy
groups, in parallel with the changes in exposure to water,
as indicated by the chemical shifts. The line widths
confirm this conclusion; the first two methylene signals
are broad, indicating stronger immobilization, in con-
trast to the narrow signals or the components of the
main ethoxy band.

As seen in Figure 6 for OPE,_y, the shape of the
main ethoxy band changes as a function of the delay
time 7 between the = and the #/2 pulses. This means
that various groups contributing to this band have
different relaxation times. Individual 7; times for the
single peaks in the band could not be determined be-
cause of the partial overlaps. However, it is clear
from Figure 6 that there is a progressive decrease of
T, from the low to the high field side of this band.
The range of values is listed in Table IV. The 7; for
peak E is much longer than for the rest of the band.
These results are consistent with the earlier conclusions
about the behavior of the polyethoxy chain. T in-
creases slightly as the polyethoxy chain lengthens,
suggesting increased mobility and/or looser packing in
the higher homologs.

When r is very large, several more very closely spaced
peaks can be distinguished in the low field region of the
band than in the static signal. Even though the most
mobile ethoxy units have very similar environment and
mobility, one may detect minor differences in the
chemical shifts of some of them with the help of

(44) R, Freemanand H. D. W. Hill, J, Chem. Phys., 54, 3367 (1971).
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Fourier transform techniques, under proper experi-
mental conditions.

With a rise in temperature from 18 to 39°, 7y in-
creases for all peaks of OPE,_ 1, except those of the in-
ternal alkyl groups (Table IV). This indicates that the
spin-lattice relaxation is mainly determined by a mo-
tional mechanism with a correlation time 7. of about
10-% to 10~ sec (i.e., about 1/(2w), where » = 220
MHz) for the internal alkyl groups and shorter for all
others.?:%.34  This mechanism is interpreted as pro-
vided essentially by the rotation of the various groups
about single bonds.# These results confirm the
“liquid-like”” nature of the micellar core, suggested by
several investigators. ¥

We repeated the 7 measurements for OPEy_;, with
various amounts of H,O added to the solution. In
this experiment, a shortening of 7, is expected for those
groups which are in contact with the solvent. This
effect arises from intermolecular magnetic dipole-
dipole interactions and is due to the higher magneto-
gyric ratio of the proton.?% Because of the technical
difficulties associated with the limited dynamic range of
the computer used for the Fourier transform opera-
tion,*® we could not raise the H;O concentration above
20%. Even there, measurements were difficult for the
small signals of the phenyl protons. However, mea-
surements on the alkyl and the main ethoxy band sig-
nals are fairly accurate (Table V).

Table V. Relaxation Time 7 (msec) in Aqueous Micelles
of OPE,_10(0.104 M) as a Function of D,O-H.0
Composition (r = 18°, 220 MHz)=

-% H,0 added——

0 12 20

GCH, 200 220 190
(ljﬂl 150 150 160
C(CHy, 105 110 110

H H

H H
0]
&,
(lng 190 160
o
. 290-370  285-335  165-230
%Hz . Peak E: 600 520 520
OH

e Precision: =20 msec; for peak E, 350 msec.

T, was not altered for the alkyl protons. This con-
firms that there is no (or very little) penetration of water

(45) One might use the 71 data at 18 and 39° to evaluate activa-
tion energies. The data in Table IV give the following values: terminal
methyl group 2.5 kcal/mol, “peak E” methylene group 3 kcal/mol, other
methylene groups of the polyethoxy chain 4 kcal/mol. However, we
must point out that the activation energies estimated in this manner
for micellar systems may be meaningless in either of two possible cases:
(i) if the “‘extreme narrowing condition” (woere << 1, where 7. is the cor-
relation time of the motion) is not obeyed; (ii) if there is more than one
relaxation mechanism, due to anisotropy. This can be checked by
estimating the ratio T1/T, which should be near unity if either of the
two cases occurs, In our case, evaluating T: = (rAv)~1 (Table III)
gives ratios between 2 and 3 for the alkyl peaks.

(46) E. D. Goddard, C. A. J. Hoeve, and G. C. Benson, J. Phys.
Chem., 61, 593 (1957).

(47) K. Shigehara, Bull. Chem. Soc. Jap., 38, 1700 (1965).

(48) A. G, Redfield and K. Gupta, J. Chem. Phys., 54, 1418 (1971).

into the nonpolar interior of the micelle. 7 is notice-
ably shortened for the ethoxy chain. As H,O is added
in successive portions, the relaxation time of the sig-
nals on the low field side of the band (signals with
higher T, values) is shortened at first. The rest of the
band is affected only at higher HDO concentrations.
This result, too, confirms the assignment of the low
field signals in the band to the more mobile ethoxy
units which are at the same time more exposed to the
solvent, i.e., the ones near the hydroxy terminal.

Our conclusions about the lack of penetration of
water into the micelle and about the temperature de-
pendence of T for the polyethoxy chain agree com-
pletely with the results of Clemett,!® obtained by the
same methods for an alkyl(polyethoxy)ethanol.

The lack of strong variation of 7} for peak E appears
contradictory. However, it might be explained on the
basis of the mechanism of solvent-solute magnetic
dipole-dipole interactions. It is known that the mag-
nitude of these interactions depends both on the dis-
tance of closest approach of protons in the two mole-
cules and on their relative diffusional coefficient.®
High relative mobility of water in the vicinity of the
last methylene group would explain the constancy of 7.

On the other hand, this requires the postulation of
more effective magnetic dipole—dipole interactions be-
tween water protons and those of the other ethoxy
groups, in order to explain the strong observed depen-
dence on H,O concentration. This could happen if
water molecules were less mobile near these groups.
Such an interpretation is in accord with several studies
in which it was suggested that water is kinetically
bound to nonionic micelles.!®1%4%5% The proposals
were based on hydrodynamic measurements*:* and
on studies of proton chemical shifts!® and proton re-
laxation times. 16

Conclusions

The main resuits can be summarized as follows.
The high mobility of the terminal methyl group (as seen
from the saturation and the relaxation time measure-
ments) confirms that the interior of the micelle is liquid
like. Both the chemical shifts and the absence of varia-
tion of T, when H,O is added show that no water (or
very little) penetrates into the interior part of the
micelle, composed of the alkyl groups. This region
actually is less polar than the environment of the alkyl
groups in the pure liquid detergent.

On the other hand, almost all ethoxy regions are in a
polar environment in the micelle, as seen from the
chemical shifts, The large difference in the chemical
shift of the first and subsequent ethoxy groups shows
that contact with water begins in the region of the first
ethoxy group. However, the local environment of the
ethoxy groups continues to change as one moves along
the polyethoxy chain, as indicated by the large spread
of chemical shifts of the main ethoxy band. Chemical
shifts show that in the higher homologs, the environ-
ment of the added ethoxy groups appears to be practi-
cally constant. Saturation and 7; measurements in-
dicate an increase in chain mobility along the ethoxy
chain, going toward the hydroxyl terminal. Compari-
son of the micelle, monomer, and dioxane chemical

(49) L. M. Kushner and W. D. Hubbard, J, Phys. Chem., 58, 1163

(1954).
(50) P. M. Elworthy, J. Pharm. Pharmacol., 12, 260 (1960).
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shifts in water suggests that the last methylene group
(corresponding to peak E) is fully exposed to solvent
in the micelle. 7, measurements in D,0-H,0 mix-
tures provide some evidence for a partial immobiliza-
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Abstract: The reduction of fert-butylphenylacetylene in THF by metallic potassium at —70° yields radical anions
of that hydrocarbon which, under those conditions, undergo an unconventional dimerization. The dimers result
from the addition of one radical anion to the para position of the phenyl group of another. Such a reaction yields
dimeric dianions of quinonoid structure possessing a labile H atom on the quinonoid ring. Subsequent protona-
tion or deuteration resulting from the addition of H,O or D,O produces four isomeric para-substituted benzene
derivatives having the labile ring H replaced by another H (or D) atom on the « carbon, viz., the hydrocarbons
IH, IIH, IIIH, and IVH. The four isomers were separated and identified by their nmr and mass spectra, their
structure being confirmed by ozonolysis. The mechanism of this dimerization was elucidated. In addition to the
dimers, a small amount of carbanions PhAC=CH(s-Bu) is formed through the protonation of the dianions of ter-
butylphenylacetylene by THF. These yield on the addition of H;O or DO the respective 3-fert-butylstyrenes.
The reduction performed at room temperature mainly yields a completely protonated benzyl-type carbanion, viz.,

PhCH - CH,(¢-Bu); i.e., the protonation by THF becomes the dominant reaction.

It has been reported elsewhere! that the low tempera-
ture (ca, —80°) reduction of rerz-butylphenylacetyl-
ene (BPA) by potassium results in the formation of its

radical anion, BPA-~. 1Its esr spectrum is exceedingly
simple; it consists of a doublet, @ = 7.15 G, resulting
from the coupling to para proton, split into triplets, a =
2.8 G, presumably arising from the coupling to the
ortho protons. The narrow width of that spectrum,
about 13 G only, implies that about 5097 of the spin
density is localized in the C==C system. The fate
of these radical ions, when kept at ca. —70° in pro-
longed contact with potassium, is elucidated in the
present communication. The products of the reaction
were isolated and identified. They arise from protona-
tion by the solvent of the dianions (BPA2-) formed by
further reduction of BPA -~ and from an unconventional
dimerization of the radical ions resulting in the pre-
cursors of four distinct dimers, all of which were iso-
lated and identified.

Low-Temperature Reduction of
tert-Butylphenylacetylene

About 2 X 10-2? M tetrahydrofuran solution of ters-
butylphenylacetylene,? cooled to ca. —70°, was con-

(1) G. Levin, H. D, Connor, P, Caluwe, and M. Szwarc, submitted for
publication,

tacted with a freshly prepared potassium mirror kept
at the same temperature. The reduction, performed
in an all glass, vacuum tight apparatus, proceeded for
about 6 hr., The resulting reddish solution, after being
decanted from the mirror, was divided into two approx-
imately equal portions. One of them was protonated
with deaerated water while the other deuterated with
D,0O; thereafter each solution was acidified. All of
these operations were performed under vacuum, keeping
the reagents at —70°.

The acidified solutions were warmed up to room
temperature and the solvent was distilled off under vac-
uum. The residue was three times extracted with 5 ml
of hexane and once with benzene. The combined ex-
tracts were freed from the solvents by vacuum distilla-
tion and then fractionated on a preparative gas chro-
matographic column (209 Carbowax on Chromosorb
G). The separation was clearcut and eventually two
monomeric and four dimeric fractions were collected.

Identification of the Monomeric Products of
Low-Temperature Reduction

The monomeric products were unambiguously iden-
tified as the unreacted rers-butylphenylacetylene and

(2) Prepared according to the method of B. S. Kupin and A, A.
Petrov, Zh, Obshch. Khim., 31, 2958 (1961).
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