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Three gemini surfactants, in which two quaternary ammonium species(QEk);N*(CHs),) are linked at

the polar headgroups by, m, or p-phenylenedimethylene spacers, have been synthesized. The critical
micelle concentration (cmc) of these surfactants in aqueous solutions was determined by electrical conductivity.
Selective-decoupling®C NMR and*H NMR spectra were measured at various concentrations below and
above the cmc. The selective-decouplif@ NMR results revealed that the specific rotational isomers about
the CH-aromatic carbon single bonds for the gemini surfactant havimgpaenylenedimethylene spacer are
preferentially stabilized upon micellization, while for the gemini surfactant havirmaimenylenedimethylene
spacer, the presence of only the conformation in which the aromatic ring is sandwiched betweenctylo
chains was confirmed. Furthermore, it was found that variation in the stacking pattern of the aromatic rings
after micellization of the surfactants is reflected in thespectral features of the aromatic protons. Comparison

is made with the conformations of bis(quaternaryammonium) bromides with flexible spacer chaing)((CH
and of the correspondingralkylammonium bromide monomeric surfactants.

Introduction protein molecule also occdit. The study of surfactartprotein
interactions has important biological implications with respect
to the lipid-membraneprotein interaction in biomembranes.
The interaction between biological macromolecules could
possibly result in a conformational change of the molecules.
The interaction of DNA with histones brings about a confor-
mational change in the DNA or the histones, and a conforma-
Sional change due to a higher degree of association of the histone
octamer has been obsen/d.

Such a conformational change should also affect the mor-
phology of aggregates, including biomembranes and their model
systems, since the type and structure of the self-assembly system
depend on their geometrical packing parametemhich are

The conformational change of molecules in a dissociation
association system has fundamental significance, since it serve
as an important model for the relationship between the functional
appearance and the conformational change of biological sub-
stances. In particular, conformational studies of surfactant
molecules in an aggregated structure assist our understandin
of the physicochemical properties of phospholipid bilayers with
respect to their relationship to the structure of biomembranes.

We have already reported that one specific isomer, of the
possible rotational isomers about the £HH, single bonds
for the hydrocarbon moiety of simple surfactant molecules, is
preferentially stabilized upon the formation of micelle8.It . -
has been demonstrated for simple soap molecules (potassiur’rgeterm'ned from the conformational st.ructure. o
n-pentenoate and potassiuhexenoate), by measurement of Zana and Talmar have used cryogenic transmission electron

the concentration dependence of the Raman scattering intensityICrOSCOPY to investigate the microstructures of the aggregates

of the accordion vibrational mode, that the population of the _of the dimeric surfactants, bis(quaternary ammonium bromides),

extended form (all-trans) of the hydrocarbon chain increases " which two alkyldimethylammonium bromide chain§ are
upon micellizatiork5 For potassiuntrans3-hexenoaté potas- linked by a polymethylene chain. They found that the dimeric
sium trans-4-pentenoate, and potassiutrans5-hexenoaté surfactants with a short spacer form long threadlike and

micellization leads to a conformational change about theCC entangled ’T‘ice”es’ while those Wi.th a longer spacer form
single bond adjacent to the=€C double bond. These observa- spherical micelles. These observations reveal that the length

tions apply to surfactant molecules possessing longer hydro-©f @ spacer affects the morphology of spontaneous curvature in
carbon chains. A conformational change due to micellization molecular membranes. Thus, itis evident that the morphplogy
has also been observed in tHel NMR7® and Raman of an aggregate sFroneg dgpgnds on the structure of a dlme_rlc
scattering %13 spectra of the polar parts of surfactant molecules. surfactant. In partlgular, variation in the length of a spacer gham

The interaction between surfactant and proteins has beenChanges the pz?lckm_g parameters. Moreover, conformational
extensively studied, and the secondary structural change Cause&hange of the dimeric surfactants probably occurs upon fom?a'
by surfactant binding of a protein has been observed. The tion of the aggregates, Ieadlng to a further change of the packing
a-helical content of bovine serum albumin decreases with an Parameters. Accordingly, this process affects the morphology

increase in the concentration of sodium dodecyl sulfate, and of aggregates.

conformational changes about the-6—S—C bonds of the Diamant and Andelmdf have presented a theoretical
explanation for the experimental results obtained by Zana and

* Nagoya Institute of Technology. Talmort’ for dimeric surfactants. In this theory, it was
*The University of Auckland. suggested that the attractive and repulsive interactions of
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m = 8 and spacer:
o-phenylenedimethylene (oxy8)

surfactant molecules and the conformational entropy of the
spacer chain are dominant factors in elucidation of the shapes
of aggregates formed in the aqueous solution. A conformational (CH,)... (CH,),., m-phenylenedimethylene (mxy8)
change of surfactant molecules upon micellization may vary | | p-phenylenedimethylene (pxy8)
the conformational entropy of the spacer chain. CH, CH, m =10 and spacer:

To discuss quantitatively the relationship between the geo- e '”‘;phe“ylf“ed‘me‘hylm(""‘yl0)
metrical parameters and morphological characteristics, it is " a"(C§§’;;°';=3(sm3_s)
necessary to make a detailed investigation of the conformation ) s=5 (sm5-8)
of a surfactant molecule in an aggregate and the conformational
change upon formation of its micelles in aqueous solution.  y_Ajiyl chain : N*-CH,-CH,- - -CH,-CH, (N-octyl chain)

Stein and Gelma# synthesized amphiphiles with a unique . NT-CH,-CH,- -9CHz-l°CH3 (N-decyl chain)
headgroup topology, in which two carboxylates were rigidly
held on a dibenzobarrelane skeleton. Nussler and Engberts Spacer
investigated the relationship between amphiphilic structure and
aggregate morphology in 1,4-dialkylpyridinium salts, while

(cH,), I:\I -Spacer - IT\I(CHJ ),-2Br"

H, a H,

Menger and Yamazahi studied amphiphiles, in which the a a 2 *Co

hydrophobic moiety was a polynuclear aromatic ring system b b b b Hz’c’aQLSCHz
or a hyperextended linear chain. In 1991, the name “gemini c c c c B 9
surfactants” was assigned by Menger and Litao a group d b b

of amphiphilic molecules having a long hydrocarbon chain, an oxy8 mxy$ pxy8

ionic group, a rigid spacer, a second ionic group, and another mxy10

hydrocarbon tail. Furthermore, Menger and Li#areported -(CHy)s- -N+-bsH2-2Cst-bsH2-N+— (sm3-8)

a new class of self-assembling molecules for “gemini surfac- -N+-ICSH2-2CSH2-3Cst-ZCst-leHz-NJf- (sm5-8)

tants”. They measured the surface tension and surface pressurr[g_ 1 Numberi h ¢ ini surfactant
for three series of gemini surfactants and discussed the molecula igure L. Numbering scheme of gemini surtactants.
orientation at the air/water inte_rface using the _fil_m-balance TABLE 1: Elemental Analysis of oxy8, mxy8, pxy8, sm 3-8,
method. The remarkable properties of these “gemini surfactant” sm 5-8 and sm 6-8

solutions were attributed to distortion of the watstructure geminis cC% H % N %
by the two hydrophobic chains in the molecutés® It is

evident from these observations that the molecular orientation ~ 28 fﬁ'ﬁz 55§ 212 3 ;111 :’ gg
at an interface is strongly related to the conformation of a  myys caled 58.13 9.41 4.84
molecule. Therefore it is highly desirable to make detailed found 57.95 9.63 4.39
studies of molecular conformations by use of spectroscopic  pxy8 calcd 58.13 9.41 4.84
methods in order to investigate the orientation of molecules at found 57.80 9.78 4.45
an interface. sm 3-8 calcé 49.99 10.22 5.07
found 49.87 10.32 4.88

In this present study, the so-called “gemini surfactants”, in sm 5-8 calcl 54.25 10.38 5.06
which two n-alkyldimethylammonium bromide moieties are found 54.04 10.53 4.59
connected by phenylenedimethylene spacer groups, have been Sm 6-8 calcd 55.91 10.47 5.02
found 55.53 10.72 4.68

synthesized, and the conformational change of these surfactants
after micellization has been analyzed by use of the selective- 2 Calculated for dihydrated moleculésCalculated for hemihydrated
decoupling®C NMR spectroscopic methdd. The molecular molecules.

conformations of bis(quaternaryammonium) bromides with

flexible spacer chains ((CHt) and of the corresponding three bonds, thereby providing direct information of the
n-alkyltrimethylammonium bromide monomeric surfactants are conformations about the GHC (aromatic carbon) single bond.

discussed and compared with those for the geminis with rigid . )
spacers. Experimental Section

Takeuchi et a8 used the selective decouplif§C NMR Materials. (Phenylenedimethylene)bis@lkylammonium)
technique to analyze the structure of pentalenolactone anddibromide surfactants and bis(quaternaryammonium bromides)
showed that this technique is very powerful for reliable structural (Figure 1) were synthesized as follows.
elucidation of complex molecules. We briefly describe this  For oxy8, mxy8, pxy8, andmxy10, reactions ofn-octyldi-
technique for the further application to determination of the methylamine and-decyldimethylamine with the corresponding
conformations of other gemini surfactants. In the completely phenylenedimethylene dibromii€®were performed in dried
proton-decoupledC NMR spectrum, the resonance signals of ethanol under refluxT = 353 K) for 24 h so as to ensure as
all carbon-13 nuclei are observed as a singlet and do not involvecomplete bisquarternization as possible. Bis(quaternaryammo-
any information on the coupling between tH€-nucleus and nium) bromides §m3-8 and sm5-§ were synthesized by
the proton. In contrast, in the nondecoupled spectrum, the reactions ofN,N-tetramethylpropane and -pentane with
resonance signal of each carbon-13 nucleus is observed a®ctylbromide in the same manner.
multiplet as a consequence’®€—H coupling (direct and long- The two series of dimeric surfactants thus synthesized were
range **C—'H couplings), and, on the whole, the spectrum recrystallized in various solvent mixtures (ethanether or
becomes very complex. However, when only the resonance acetone-ether). Sample identification was confirmed by NMR
signal of a specific proton interacting with '&C-nucleus is and elemental analysis (Table 1). The reactants were purchased
decoupled by using an appropriate weak power, one canfrom Tokyo Kasei Co. and were purified before use. The
eliminate selectively the effect of either a long-range or a direct isotopic purity of the DO (EURISO-TOP) used for NMR
13C—1H coupling and extract thEC—1H coupling through the ~ measurements was 99.8%. The samples of the monomeric
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surfactantsn-octyltrimethylammonium bromide (OTAB, 98%)
and n-cetyltrimethylammonium bromide (CTAB, 98%) were
purchased from Tokyo Kasei Co. and were used without
purification.

Conductivity Measurements and CMC Determinations. ‘"
The electrical conductivity of the sample solutions was measured
with a Conductivity Meter CM-11P (TOAElectronics Ltd.)
at 25.0+ 0.1 °C. The critical micelle concentrations (cmc)
were determined from plots of specific electrical conductivity
against surfactant concentration.

13C- and 'H-NMR Measurements. C NMR spectra were
recorded on a Varian Unity-4Q8lus spectrometer operating at T P
100.58 MHz at 30°C, using an acquisition time of 2.560 s under d1 pl d2
deuterium internal lock. Proton noise decoupling and selective
decoupling carbon-13 chemical shifts ppm) were determined A ‘ B C
by use of 128 000 points in the time domain (sweep width d1 ;First delay
25000 Hz). 3-(Trimethylsilyl)propanesulfonic acid sodium salt pw;Pulse width
(DSS) was used as an external reference, and no susceptibility
correction was made. AIFC NMR measurements were made
in 5 mm NMR sample tubes at 3C. The estimated accuracy
of the observed3C NMR chemical shifts is£0.004 ppm.

IH NMR spectra were also recorded on a Varian Unity-400
plus spectrometer operating at 399.96 MHz at°8) using an decoupling
acquisition time of 10.924 s. Proton chemical shiftsl, (9, power [dB]
ppm), which are given relative to the signal of an external
reference, were determined by use of 128 000 points in the time 25
domain (sweep width: 5999.7 Hz). AH NMR measurements
were made in 5 mm NMR sample tubes at 30, and the
estimated accuracy of the observétINMR chemical shifts is
£0.0002 ppm.

Power Optimization for Selective Decoupling3C NMR
Measurements. Decoupling was carried out only for the
aromatic protons, and the pulse sequence is schematically shown
in Figure 2A. The magnitude of decoupling power was P , "
optimized in order to obtain the true aromatic C-13 nucteus 6100 6000 5900

CW selective decoupling

2.6s

0.4s

PE RN

5800 5700 5600

SCHy-proton coupling constant. As is shown in Figure 2B, the (Hz]
13C NMR spectra of the 1,4-dioxane-benzeahesolution Figure 2. Pulse sequence ([A]) used for selective decoupling'd@d

(dioxane 40%) were measured for the various proton decouplingNMR spectra ([B]) of the 1,4-dioxane-benzedgsolution (dioxane
powers in the range of 2545 dB. In this power range, only 3 wt |/°) measured fgr van(l)_us frequency settings of the proton-
the protons of benzergs which remained undeuterized were ecoupler to optimize decoupling power.

completely decoupled. As a consequence, it was found thatTABLE 2: Critical Micelle Concentrations at 25 °C

the decoupling power 25 dB does not bring about a decrease of

ini a
the coupling constant in the dioxane-ggpin system. Thus, Gemini surfactants CMC [wt %] CMC [morf] ¢
it was concluded that a decoupling power of 25 dB is optimal oxy88 ig? 8-8332 8-213
for sglgctive decoupling of only aromatic protons in the present Lnx)% 122 0.0245 0538
gemini surfactant molecules. sm3-8 0.71 0.0138 0.702
In these experiments, therefore, aromatic protons were sm4-8 1.39 0.0262 0.674
completely decoupled, while the spin-coupling betweeri sm5-8 1.43 0.0263 0.693
protons and aromatic carbon-13 nuclei remained constant, and Sm6-8 14l 0.0252 0.672
no reduction of the'3C—'H coupling constant for théCH, aq: degree of ionization.

groups was found.
for the n-octyl and spacer chains, has been examined as a
Results measure of the flexibility of the polymethylene chains.
The specific electrical conductivity for the two series of
This present study mainly concerned with the two series of surfactants in agqueous solutions was measured at various
gemini surfactants with rigid spacers and flexible spacers. The concentrations. Plots of conductivity against concentration
geminis with rigid spacers{, m-, andp-phenylenedimethylene)  furnished two straight lines which intersected at the cmc. The
were synthesized in order to examine how the relative geometriccmc values thus obtained are listed in Table 2 together with
disposition of then-octyl chains affects the micellar behavior the values ) of degree of ionization obtained from the slopes
of the gemini molecules. The dimeric surfactants with flexible of the straight lines.
spacers (short polymethylene spacers gt = 3, 4, 5, and The concentration dependence of tHe- and 13C NMR
6)) were also synthesized to allow comparison with the micellar spectra of these gemini surfactants ipCDsolutions has been
behavior of the geminis. In particular, the conformation about investigated in detail. Figure 3 parts A and B shows He
the CH—CH, single bond adjacent to the two nitrogen atoms, and'3C NMR spectra, respectively, of mxy8 (as a representative
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Figure 3. The'H NMR ([A]) and 3C NMR ([B]) spectra of mxy8
(1.0 wt % in D,O) as a representative of the gemini surfactants. Shift
assignments (i aromatic protonsH: SCH, protons, H1, H2, H3

H7 and H8, corresponding to tH€H,, 2CH,, 3CH,-"CH,, andéCH,
protons, respectively) are shown. Tiesignals marked with an asterisk

Hattori et al.
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Figure 4. Selective decoupling®C NMR spectra of aromatiéC

show the resonance lines coming from the internal DSS reference. Thecarbons 9C(a), °C(b), °C(c), and?C(d)) for mxy8 in monomeric, 1.0

13C chemical shiftsd ppm) of eacht3C resonance signal for the 1.0
wt % mxy8 solution are 139.12¢), 130.58 {C), 137.32¢C), 132.38
(UC), 69.41 {C), 51.96 (N-CHs), 66.74 {C), 27.79 {C), 24.23 {C),
30.41 (C, °C), 33.23 fC), 24.23 (C), and 15.65 ppmeC) relative to
the DSS reference.

wt %, ([A]), and micellar, 3.0 wt %, ([B]) solutions.

the resonance spectral features of #eand®C carbons were
characteristic of a triplet signal, and this feature did not change
above and below the cmc. The selective-decoupif@gNMR

of the gemini surfactant series) together with assignment of their spectrum does not provide any information on the effect of

1H resonance peaks. TH& chemical shifts of mxy8 only are
listed in the legend of Figure 3. The extentsd(= 6 (3 wt
%)—0 (1 wt %), ppm) of the'*C chemical shift change upon
micelle formation are 0.320.34 ppm for oxy8, 0.360.45 for
mxy8, and 0.33-0.40 ppm for pxy8, indicating that th®d value

micellization of pxy8, indicating either that the exchange among
coexistent conformers occurs faster than the NMR time scale
or that other magnetic nonequivalent conformers of pxy8 do
not coexist.

Menger and Litta?? studied the molecular orientation qd-(

is almost independent of the relative geometric disposition of phenylenedimethylene) bis(stearylammonium) dibromide by the

the n-octyl chains.

film-balance method and showed that the gemini surfactant

In this present study, detection of the conformational change molecules may take up an all-trans conformation at the air/water

of the phenylenedimethylene spacer portion, which is brought interface and that the water molecules remain incorporated into
about by micellization, is focused mainly on the use of selective the hydrophilic portion of the monolayer, even in the condensed
decoupling®C NMR andH NMR spectra. Selective decou- state. For the pxy8 molecules with short hydrophobic chains,
pling 3C NMR spectra?® of the sample solutions of the three we may assume that a conformation, similar to the all-trans
gemini surfactants were therefore measured below and aboveconformation, exists in the micellar state together with other
the cmc. In these spectra, the splitting of the arom&i@ possible conformers.

resonance signal which is due to spin-coupling with the aromatic  mxy8 and mxy10Figure 4 shows selective decoupliti
protons disappears, and only splitting of the aromatic C-13 NMR spectra of the aromatiéC-carbons?C, °C, ¢C, and?C)
resonance line, which is caused by the interaction between thecoupled with them-phenylenedimethylene Ghbrotons for the
aromatic C-13 nucleus and the four protons of the t@bl, mxy8 gemini surfactant. It should be noted that for the
groups, is observed. resonance signals of th€, °C, andiC carbon nuclei there exists

pxy8. For the pxy8 (f-phenylenedimethylene)bis(octyl-
ammonium) dibromide) sample solutions, a conformational
change should not be reflected in the selective-decoupfiig
NMR spectra, since thgso-carbon {C) is not influenced by
the conformation of the-octyl chain and, moreover, the four

a marked difference in the spectral features between monomeric
and micellar solutions, although such a difference is not found
for the °C resonance signal. This observation indicates that
selective decoupling®C NMR spectra of aromatic carbon-13
nuclei reflects a conformational change about the $@b,—

bC carbons are equivalent. Indeed, although selective decou-°C single bonds, due to the formation of micelles.
pling 13C NMR spectra were measured at various concentrations We may expect six skeletal structures for an mxy8 molecule
under the standardized decoupling conditions, it was found thatin solution, as shown in Figure 5A, since three rotational isomers
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Figure 5. Possible skeletal structures ([A]) of an mxy8 molecule (the
bC—2C bond is a criterion for types I, II, and 1Il and th€—°C bond
is a criterion for types’] IlI', and 1II') and possible splitting patterns

[B] for the 3C NMR signals of theéC and°C carbons.

(trans, gauche, and gauchabout thesCH,—"C single bond
are possible. For types |, I, and Ill, tlR€—2C bond is a
criterion for the configurations of trans, gauche, and gauche
while for type I, II’, and III', the?C—°C bond is a criterion for
the three conformers. In the type | structure, both of tFeé’S

J. Phys. Chem. B, Vol. 102, No. 45, 1998969

projection the twan-octyl-N segments are in the trans config-
uration with respect to th&C—PC bond. For type’] both of
the 'HSCPC planes are coplanar with the benzene plane and the
two n-octyl-N segments extend in the direction of the gauche
(or gauch® configuration. In the type Il (or type ') structure,
one of the two RCPC planes is coplanar with the benzene-ring
plane, while the other plane is not. That is, one of the two
n-octyl-N segments is in the trans configuration with respect to
the®C—aC (orPC—°C) bond, while the othem-octyl-N segment
extends in the direction of the gauche (or gaticbenfiguration.

In type lll, the two n-octyl-N segments both extend in the
direction of the gauche (or gaucheonfiguration. For type
1", both of the NCPC planes are coplanar with the benzene-
ring plane, and the twm-octyl-N segments are in the trans
configuration with respect to thie€—°C bond.

The spectral feature of th& carbon resonance depends
strongly upon the mode of spitspin coupling through the three
bonds (vicinal coupling) between tR€ nucleus and the four
protons of the twoSCH, groups, which varies with the
conformations (trans (t), gauche (g), and gaudg® with
respect to th€C—aC bond) about théCH,—PC single bonds.
We note the presence of the four protons of the ¥@id, groups
and express the configurations of these protons by use of a
combination of t, g, and'gas seen in Figure 5. Thus, the quintet
lines for type |, the doublequartet lines for type Il and the
triple—triplet lines for type Il are all possible for the splitting
features of théC carbon resonance, due to coupling with the
four protons (Figure 5B).

For the aromati€C carbon, spir-spin coupling through the
two bonds (geminal coupling) between tfeH, protons and
bC nucleus does not depend on the conformation about the
SCH,—PC single bond. Therefore, th&lcy value, which is
obtained from the splitting feature of th€ carbon signal, does
not provide any information for such a conformation.

The splitting pattern of th&C carbon resonance signal, unlike
that of the®C nucleus, reflects only the conformation about the
onesCH,—"C single bond. When the two protons of ti&zH,
group take the tg form with respect to thE—°C bond (the
two SCH, groups of type'land one of théCH, groups of type
[1"), the °C carbon resonance provides the dottzeublet
signals (Figure 5B), while for the gdorm of the two protons
(one of theSCH, groups of type Il and both for type Ill) the
signal pattern of théC carbon resonance becomes a triplet.

The 9C nucleus is very weakly coupled with the protons of
the twoSCH, groups through the four bonds, and the value of
the coupling constant'dcy) is very small. Therefore, th¢C
carbon resonance is observed as a singlet signal. When the
exchange between all the conformers occurs within the NMR
time scale or when an mxy8 molecule takes up only one
conformation, the signal of tH€ resonance should be observed
as a singlet. Conversely, when many conformations coexist and
the exchange between these conformations occurs more slowly
than with the NMR time scale, the number of resonance lines
should equal the number of all the conformations, and the ratio
of intensities of the resonance lines should also be equal to the
ratio of populations of these conformations.

We may therefore describe the conformational change of an
mxy8 molecule upon micellization, based on the results of the
selective decouplinC NMR spectra. For the micellar solution
of mxy8, the splitting pattern of théC carbon resonance
spectrum is obviously characteristic of quintet-lines’¢gb
(Figure 4B, indicating that the conformation of type | is
preferentially stabilized upon micellization. Conversely, for the

planes are coplanar with the benzene plane, and in the Newmarsample solution below the cmc, as shown in Figure 4A, a
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spectral pattern of th& carbon resonance is found in which
the quartet lines (a part of tghgare superimposed upon the
quintet lines (ggg), implying that type | and type Il conforma-
tions coexist below the cmc.

For the spectral feature of t€-13 resonance, it is evident
that the splitting pattern characteristic of the iiym becomes
predominant upon micellization, although the two splitting
patterns characteristic of the different species of twofgigns

Hattori et al.

H@)H(@) H(g)
N H(g
a a

are superimposed upon each other. This observation indicates

the absence of typé and If conformations and is consistent
with the splitting pattern obtained from?@ carbon resonance.

The 9C carbon resonance of the monomeric and micellar

solutions of mxy8 consists of two resonance peaks. Below the

cmc, the intensity of the resonance peak at low field is almost Figure 6. Configurations of the twar-octyl-N segments in an oxy8

equal to that of the high field peak, while above the cmc the
high field peak increases in intensity. Such a variation of the

molecule.

9C carbon resonance peaks also reflects a conformationalfeature to one in which the two triplet signals arising from two
change, which is expected from analysis of the splitting pattern gifferent conformers are superimposed. This observation

of theaC carbon resonance. From consideration of¥bend
dC carbon intensities, the peak of the high fié resonance

indicates that these conformers are magnetically nonequivalent,
due to the conformational change about the ¥&#d,—2C single

comes from a type | structure and that of the low field resonance honds. Moreover, exchange between these conformers occurs

comes from a type Il. The difference in th@ carbon chemical

slowly compared with the NMR time scale. The observed

shift between the two resonance peaks may be caused by thejifference in chemical shift may be caused by a stacking of the

magnetic environmental difference of ##@ carbon in solution,
in addition to the difference in charge density of fiecarbon,
due to the conformational change about the ¥@d,—°C single
bonds mentioned above.

For mxy10 with n-decyl chains, selective decouplif§C
NMR spectra of the aromatit®C-carbons coupled with the
m-phenylenedimethylene Ghbprotons were also measured. The

benzene planes due to micelle formation.

For thecC carbon nucleus, the spectral features of the selective
decoupling!3C resonance are found to be singlet for both the
monomeric and micellar solutions, since the spin coupling
through the four bonds between t#@&H, proton and*C carbon
nuclei is very weak. At théC carbon, two resonance peaks
caused by the two conformers are observed. Conversely, the

results showed that the spectral features both below and aboveC carbon of oxy8 provides only a singlet signal.

cmc were very similar to those for mxy8 (spectra not shown),
revealing that a conformational change, similar to that of mxy8,
occurs for the mxy10 molecule upon micellization.

oxy8. For the oxy8 sample solutions, selective decoupling

IH NMR Spectral Variation of Aromatic Protons upon
Micellization. Figure 7 shows the aromatic region of the
NMR spectra of mxy8 and oxy8 in 4D solution at different
concentrations. The assignment of thesignals, which were

*C NMR spectra were also measured under the same selectivanade from the splitting patterns, are also shown in the legends
decoupling conditions as were used for the pxy8 and mxy8 to this figure. For the mxy8-BD solutions (Figure 7A), the

samples.

The dominant feature of tC-13 resonance was a quintet,
caused by spiaspin coupling through both two and three bonds
between the’C-13 nuclei ando-phenylenedimethylene GH
protons. The quintet-splitting feature is characteristic of the
gg form. The values of two coupling constants obtained from
the observed spectra ate= 4.19 Hz and), = 3.82 Hz for the
monomeric solution (1 wt %) andj, = 3.82 Hz andJ, = 3.81
Hz for the micellar solution (3 wt %), indicating that there is
no marked difference in thé values between the monomeric
and micellar solutions. Since the obserdalue is a weighted
average of thd values in the monomer and micellar states, for
the sample solutions of low micellar concentration dhealue
in the monomeric state will make a major contribution to the
coupling constant and will dominate the observed value.
Therefore, when the original §éprm is stabilized in both the

spectral feature of the aromatic protons depends strongly upon
concentration. Below the cmc, this feature does not change,
while above the cmc it varies rapidly with an increase in
concentration. ThéCH proton resonance is a singlet, and the
downfield shift upon micellization is about 0.05 ppm. T&H
proton resonance is a doublet and micellization does not bring
about any*H chemical shift change. THEH proton resonance
is a double-doublet, and a very small upfield shift is observed
upon micellization. No change is observed in spépin
coupling, despite the change in chemical shift upon micelliza-
tion. Such a variation in the spectral feature reflects a change
in the nature of stacking about the aromatic rings of the nearest
neighboring molecules.

For the oxy8-DO solutions (Figure 7B), the spectral features
of the aromatic protons also depend on concentration. Below
the cmc, the spectral feature is a singlet, while above the cmc

monomeric and micellar states, then a marked difference in theit changes rapidly to the ABB' pattern with an increase in

J values will not be observed. Consequently, micellization of

concentration. The difference in the chemical shifts between

the oxy8 surfactant does not result in a conformational changethe PCH and°CH proton resonance peaks is ca. 0.07 ppm. In

about the’CH,—2C single bonds. The latter case implies that
the protons ofCH, do not take up the trans position with respect
to theaC—"C bond and that the two-octyl-N segments are in
a trans configuration with respect to t#&—2C bond, as shown

the oxy8 molecule, the stacking effect of this benzene ring may
be larger than that for the mxy8 molecule.

Conformation of the N-Terminal CH ,—CH, Segment for
the n-Octyl Chain. For the oxy8-, mxy8-, pxy8-, and mxy10-

schematically in Figure 6. We suggest that the latter case mayp,0O solutions,'H NMR spectra of théCH, protons for the

predominate in the oxy8 solution.

The spectral feature of thRC carbon resonance is charac-
teristic of a triplet signal. However, micellization changes this

n-octyl and n-decyl chains were used to investigate the
conformation about thé CH,—2CH, single bond. ThelH
resonance lines which are observed at 3.235 ppm are
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set of correct values for vicindH— H coupling constants for

[A] (B] . ! )
CH,—CH, segments in the gauche and trans configurations. The
calculated populations of the gauche and trans isomers for the
a a three gemini surfactant solutions are also listed in Table 3. Itis
seen that there is no marked difference in population between
the two solutions, indicating that the trans form is preferentially
stabilized both below and above the cmc.
For the micellar solutions of the dimeric surfactants (sm3-8
(v
Ll | l

and sm5-8), the conformations about thalkyl *CH,—2CH,
and about the spacé€sH,—2CsH; single bonds were investi-
gated by using thtH NMR spectral analysis mentioned above.
The P andPy values thus calculated are also listed in Table 3.
It is found that although the trans form is predominant for these
conformations, there exists a difference in population between
the 1CH,—2CH; and thelCsH,—2CsH, segments. That is, for
L g | A | IH NMR parameters for the OTAB micellar solution (8 wt %)
780 770 17.60 785 7.80 7.75 1.70 were 12.4 Hz fOK]Ax, 4.7 Hz fOfJAx', —12.5Hz fOI’JAA, and
[ppm] [ppm] —12.3 Hz forJxx: and the estimate®; value = 91%, while
Figure 7. Concentration dependence of & NMR spectra of mxy8 those for the OTAB micellar solution (0.3 wt %) were 12.4 Hz
S0 Lo wt o6y in 5O For the Speciram (e of txye the resonance 0V 7 Hz forJuc, 486 Hz foran, and 128 Hz for
signals at 7.71,07.74, and 7.67 pp?n are assigned toythe Ha, Hc, and Hd X%’ and theP; value = 91%. This result shows that tfe
aromatic protons, respectively, and for the spectrum (a) of oxy8 the CH2—"CH, segment adjacent to the polar group is in an

signals at 7.81 and 7.74 ppm are assigned to the Hb and Hc aromaticextremely restricted state because of its proximity to the bulky
protons, respectively. (CHa)sN* group.

TABLE 3: 'H NMR Vicinal Coupling Constants (Hz) and Discussion
Estimated Populations (%) of Trans and Gauche Forms

the n-octyl chain segment thé; value tends to increase,
compared with that for the spacer segment.

For the monomeric surfactants OTAB and CTAB, NMR
spectral analyses for the conformation of tHeH,—2CH,
segment were made, leading to the conclusion of predominant
stabilization of the trans form both below and above the cmc:

L

Menger et a3 used surface tension, film balance, and other

Su?fgg“tg}i]@ Jx Ine dm Je Py Py methods to investigate the aggregation behavior of the geminis
oxy8 PP (AW%pe 122 47-12.2 —12.4 11 89 pxy8, pxyl2, pxyl6, and pxyl18, (which correspond to com-

pounds C-8, C-12, C-16, and C-18, respectively, in the ab-

(3 Wt %o)mic 12.2 48-12.4-126 11 89 M ' !
mxy8  ic—2C (1 Wt%)on 122  4.9-12.8 —13.0 11 89 breviations adopted by Menger et al.) and discussed possible
(3 Wt Yo)mic 12.4 46-129-127 9 91 orientations for these geminis at an air/water interface. They
mxy10 IC_ZCO (0.4 Wt %jnon 124 47-12.8-125 9 91 concluded that a conformational change of pxy18 (from the
pxy8 %X";CA’)““ :(lev?/t %o)oon 13'3671157:1%:2 _125 %2) 90 conformation lying flat on the water surface to that (the so-
(3 Wt %o)mic 12.4 47-127-129 9 91 called “horseshoe” type structure) standing up vertically to the
sm3-8 1lc-2C (@wt%)me 124 45-103-10.2 9 91 p-phenylenedimethylene plane) is made possible by compressing
1Cs—2Cs (2wt%)mic 11.8 4.9 —9.8 —9.8 16 84 the monolayer.
sm58 1C—2C  (3wt%e 122 4.6-12.9-12.7 11 89 One can estimate the cross section per molecule from the

1Cs—2Cs (Bwt%)nc 11.8 51 —9.8 —9.8 16 84
2 The symbols mon and mic show monomeric and micellar states,
respectively.

pressure-area isotherms. In particular, the value of the cross
section, which is obtained as the process varies dynamically
from the expanded state to the condensed state, provides
assigned to the CHprotons adjacent to the nitrogen atom in  Significant information about the molecular orientation. It may
the n-octyl chain. In the!H NMR spectrum the four protons ~ @lso be expected that a conformational change should occur
of thelCH,—2CH, segment provide a splitting pattern which is during the process of such a phase transition. Elucidation of
typical of an AAXX' system: the resonance signals of the two such a conformational change on the water surface may lead to
ICH, protons correspond to the Adart. Thus the spectral ~an understanding of the physicochemical property of the thin

feature reflects the conformations of tNeterminal CH—CH, film.
segments. To examine the conformations about the-@HH, The determination of a reliable molecular structure which is
single bonds, the LAOCOON Il prograth was used to stabilized in the micellar state may be useful for estimating the
calculate the'H NMR spectrum of theN-terminal CH—CH, molecular orientation of the geminis at the air/water interface
protons. Vicinal coupling constantsag, Jax:, Jaa, andJxx:), and for determining any structural variation caused by this
obtained by comparing the observed spectrum with the calcu- orientation. For example, when the gemini molecules oxy8 and
lated best fit spectrum, are listed in Table 3. pxy8 are adsorbed at the aiwvater interface, it may be estimated
The populations of the trans and gauche isomers are that the N-S<C—2C—2C—<C—N and N-SC—2C—"C—4C—<C—N
expressed? 32 by eq 1 skeletons containing the benzene ring are oriented vertically to
the air/water interface, since these planes are rigid and planar,
Py=1—P=(J = Iax)( — Iy 1) as discussed below.

Comparison of the hydrophobicity of the spacers suggests
where theJg andJ; values)y = 4.14 and) = 13.22 HZ2 are a that the three spacers-( m-, and p-phenylenedimethylenes)
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of the geminis should correspond to the polymethylene spacercompared with the case of oxy8. This dense packing may result
(CHy)s. However, comparison of the distance between the two in an increase in the trans populatid®)(

polar groups shows that the-NN distances for oxy8, mxy8, For the mxy10 micelles, it was also found that thev@lue

and pxy8 correspond approximately to those for sm3-8, sm4-8, for the CH,—2CH, segments of the main chain tends to
and sm5-8, respectively, since geometrical calculation of the jncrease. This tendency may indicate that the increased length
N---N distances for the extended polymethylene spacers of thesepf the main chain brings about a densely packed state of the
compounds are 5.83 A for oxy8, 7.25 A for mxy8, 7.31 A for n_decyl chains in the micelle due to an increase in aggregation
pxy8, 4.96 A for sm3-8, 6.26 A for sm4-8, and 7.44 A for  number, a tendency which may promote a further restricted state
sm5-8. Therefore, the series of these gemini molecules cor-for the 1CH,—2CH, segment.

respond to the dimeric surfactants with shorter polymethylene |, fact, it is evident that there exists a difference in the

spacers ((Ch)s, s = 2-6). position of the phenylenedimethylene spacer between the type
In our previous small-angle neutron scattering study of the | structure and the stabilized oxy8 structure. This difference
dimeric surfactant systefhwith m = 10 and shorter (ChJs should change the balance of the hydrophobic and hydrophilic
spacersg= 2—6), we showed that the aggregation number of portions of the micelles and may affect the micellar structure.
a minimum micelle formed by the dimeric surfactants depends Thus, detailed studies of the micellar structures for these geminis
to only a small extent on the length of a spacer methylene chain, are strongly desirable.
implying that then-decyl group of the dimeric surfactants plays 14 N\MR spectral variation of aromatic protons upon micel-
an important role in formation of a minimum micelle. There- i, 4iion (Figure 7) provides information on the environment of
fore, for oxy8, mxy8, pxy8, and mxy10, we may assume that o henzene ring for mxy8 and oxy8. For mxy8, a singlet signal
two n-octyl chains strongly contribute to the micellar behavior. ¢ ihe Ha proton tends to shift downfield (from 7.67 to 7.71
We may use th@; (or Pg) value as a measure of order in the  ppm) with an increase in concentration. The doublet signal of
n-octyl chain and in the polymethylene spacer. For oxy8, mxy8, the Hc proton at 7.74 ppm is not dependent on concentration.
and pxy8, it may be assumed that #@&H,—?CH, segments of  The Hd signal, which is observed as a doutdeublet, shifts
then-octyl chains, on the whole, are in the highly ordered state ypfield (from 7.69 to 7.67 ppm) as the concentration increases.
both below and above the cmc. The reason is probably due toThe reason théH chemical shift change of the Hc protons does
presence of the bulky polar groups, which hinder the free not depend on concentration may be due to the reorientational
rotation about the CH-CH, single bond. For the dimeric  effect of the benzene plane. TRH signals of the aromatic
surfactants (sm3-8 and sm5-8) with flexible spacers, it was found protons are sensitive to the variation in the environment. In
that the'CH,—2CH, segments of twm-octyl chains are in an  fact, it has already been reported that they shift downfield in a
extremely restricted state, while the extent of ordering for the hydrophilic environment but upfield in a hydrophobic environ-
1CH,—2CsH, segment of the flexible spacer tends to decrease. ment3* Accordingly, we may use the direction of the change
This fact may indicate that it is the-octyl chain rather than  in theH chemical shift upon micellization as a measure of the
the spacer which plays an important role in determining the environment. Thus, it may be assumed that the Hd proton is
micellar behavior of these surfactants as well as that of the placed on the side of the hydrophobic core, and the Hc protons
geminis. may be close to the border region between the hydrophilic layer
Depending on the relative geometric disposition of the two and the hydrophobic core. For the oxy8 molecules, ‘tHe
SCH, groups in the spacers, such a restricted state should notsignals of the Hc aromatic protons do not change with increasing

be neglected, even if it is small in extent, since Bevalues concentration, while the signals of the Hb protons shift
actually tend to increase in the order oxy8mxy8 < pxy8. downfield (from 7.75 to 7.81 ppm) upon micellization. This
This trend may be related to the stabilization of a specific isomer observation shows that the Hb protons at least of a benzene
for the gemini molecules upon micellization. ring may be located in the aqueous region. Thus, we may

For the conformation of an oxy8 molecule stabilized in the €stimate approximately the environment of a benzene moiety
micellar state, it should be noted that the- ¥¢—C—3C—sC—N in the micellar state.

skeleton ofo-phenylenedimethylene is planar and the conforma-  The molecular conformations of the oxy8 and mxy8 mol-
tion about the rigid®C—SC single bond is gauche. Moreover, ecules which are stabilized upon micellization, which have been
as mentioned in the Results the twanctyl-N segments are in  elucidated in this present study, can be used to calculate the
a trans configuration with respect to theé—2C double bond. packing parameters for these molecules in micéfledzor
Accordingly, when twon-octyl-N segments take up a fully  surfactant molecules of optimal areg Aydrocarbon volume
extended form, we may assume that the twactyl chains are v, and critical chain length;| the packing parameter is defined
not parallel to each other and fan out toward the methyl as v/al.. The relationship between the packing parameters of
terminals of then-octyl chains. Furthermore, in this molecular a surfactant and micellar shape has been shown by Israelachvili
conformation, a phenylene ring of the spacer may be placed inet al’® Accordingly, the packing parameters calculated for the
the hydrophobic region rather than the hydrophilic region. oxy8 and mxy8 molecules in the micellar state are useful for
Therefore, when the oxy8 molecules taking up such a confor- estimation of micellar shape. For calculation of the packing
mation form micelles, the packing featurerebctyl chains must parameter, the optimal areg @and critical chain length:lcan
become loose, since there exists a vacant space between thbe determined from the molecular model. However, the
n-octyl chains and the-phenylene ring, leading to the tendency hydrocarbon volume v depends on the extent of hydration of
for an increase in the gauche-population. That is, this loosely the hydrophobic portion.
packed state may bring about a decrease irPthealue. The parameters were calculated for oxy8, mxy8, and pxys8,
For the mxy8 molecules in the micellar state, as mentioned assuming that the twa-octyl chains and the benzene ring
above, the type | structure is predominantly stabilized, implying belong to the hydrophobic core and are unhydrated. The
that the N-SC—PC—aC—PC—sSC—N skeleton takes up the all-  packing parameters, which were calculated for the stabilized
trans form. Therefore, when the mxy8 molecules form micelles, conformation of an oxy8 molecule and for the type | structure
then-octyl chains within these micelles may be densely packed, of a mxy8 molecule, are 0.39.40 and 0.35, respectively. For
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the molecular model of pxy8, in which twa-octyl segments atoms of the rigid spacer is coplanar with the plane of the
are perpendicular to thephenylenedimethylene plane contain- benzene ring.

ing two nitrogen atoms, the calculated parameter is 0.33. On  preferential stabilization of a specific conformation probably

the basis of these parameters, we assume that the micellar shapgccurs on the water surface when these molecules are adsorbed
for oxy8 may be cylindrical and that for mxy8 and pxy8 may at the air/water interface.
be spherical.
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