Monolayer orientational fluctuations and a new phase transition
at the air water interface detected by second harmonic generation

Xiaolin Zhao and Kenneth B. Eisenthal®
Department of Chemistry, Columbia University, New York, New York 10027

(Received 7 September 1994; accepted 5 January) 1995

Fluctuations in the second harmonic intensity were observed in a number of insoluble amphilphiles
spread at an air/faqueous interface. The fluctuations, which depend on the polarization of both the
incident light and the second harmonic light generated, indicate a new phase transition for which the
orientation of the head group is the order parameter. It is found that the phase transition occurs in
certain long chain aromatic species but not in others of the same chain length with different head
groups. The phase transition is identified as a weak first order transition. Agreement is obtained with
a modified Landau—Ginzburg equation in which the chain—chain interactions provide a friction for
the motions of the head groups. €95 American Institute of Physics.

I. INTRODUCTION tuation? What are the roles of the dipole—dipole inter-
actions, anisotropic dispersive interactions, hydrogen
Phase transitions in amphilphile insoluble monolayers bonding, and electrostatic repulsion in such fluctua-

have been of scientific interest for more than 50 years. A tions?

range of techniques including surface pressure, interfac@&) Can one model the dynamics of the fluctuation by
electric potential, light scattering, ellipsometry® fluores- modifying the Landau—Ginzburg theory?

cence microscopy, x-ray and neutron diffraction and
reflection have been used to study the various equilibrium
phases and phase transitions of these quasi-two-dimensiorﬁil
systems. In a number of these experimental and theoretical
studies, it has been proposed that the phase structure af\dLandau-Ginzburg free energy expansion

phase transitions in an amphilphile monolayer could involve o hypothesis of the Landau—Ginzburg theory is that
quantities 75‘;Ch as densftymolecular conf|gurat|.oﬁ,anoll the free energy density function or rather the local value of
orientation, etc. as o_rder parameters. However it remains gne free energy can be expanded in terms of an order param-
difficult tas_k to gxpenmentally _explore _the relative IMpor- eter Q(r) and its spatial gradier?Q(r). This expansion is
tance of orientational and density ordering parameters sincg;id around but not too close to the critical poi@inzburg

they can be coupled together. In this study, the technique Weriterion).® In general, the free energy density function
use to obtain information on surface density and moleculaf(Q vQ) takes the following form:

orientation at the interface is the surface specific technique of
second harmonic generati¢BHG). For a general theory of F(Q,VQ)—F,=
SHG, the reader is referred to excellent treatments ’ 0

elsewherg?14 . . .
whereF is the free energy density at the equilibrium state.

In this paper studies of spontaneous orientation fluctuaz S S
tions in amphilphile monolayers that we attribute to a her;—‘rhe expansion is taken around the equilibrium state where

tofore unknown orientational phase transition is presente(})y definition the first order derivative should vanidh.is

These amphilphile fluctuations were detected by the timelntroduced here to account for any energy cost due to an

dependent variationéfluctuations in the second harmonic nterface inhomogeneityvQ+0). . . .

. . : The Q(r) can be expanded in a Fourier serié®
signal. They were shown to be orientational by the observa- - Ko . o

. : o = Q(r)—Qu=2,Q«e'™ which yield for the coefficient of
tions that the fluctuations depended on the polarization of the , B 5 (k4K )r 5
incident light field and that of the second harmonic light field (9"F/9Q%0, (8Q) :_Ekkiif’erQk’e . and (VQ)
that was measured. In these experiments the SH signal is dde— ZkZkK-k’ QQy€'¢ )_- Since we want the total free
to the dominating second order nonlinearity of the aromaticenergy for the system we integrate the free energy density
head group. Therefore the observed fluctuations in the SiIQver the volume,
signal are directly related to fluctuations in the orientation of
the head group. Among the questions to be discussed are J dr[F(Q,VQ)]

BACKGROUND THEORY

16%F , 1 )
TQZO((SQ) +§L(VQ) \ (@]

(@ Are there spontaneous orientation fluctuations in the 1 1
head group that produce the observed phase transition? =E E (_ Foo— 5 Lk-k’)Qka,f drei(k+k"r
or is it the tail? kK K 2 2

(b) What is the origin of the spontaneous orientation fluc-

1 1
= (5 Foo+ 5 Lk2) |Qyl2.
k
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The termiLk?/Q,|? is the Fourier component that cor- 1 1 , ,
responds to the energy required for the system to deviate F(Q-Fo=2> 5 Fagt 5 Lk—ko) |Qul%, (4)
from a homogeneous interface. The interface at equilibrium k

has the possibility of being inhomogeneous and we assuMghere F,, contains these higher order corrections. In any
can be characterized by a single mddge Since we are in- case, wherFo=0, the point is regarded as the crossover

terested in the departures of the free energy from its equilibpgint to instability, i.e., the system is unstable when
rium state we can usk=k, as the reference point for the (,2F/5Q2)<0.

deviation of the interface from its equilibrium value. We
therefore usgL (k—k,)? rather tharbLk?. The final equation C. Time dependent Landau—Ginzberg equation

for the free energy is Analogous to the dissipativérictional) force equation

B 1 1 ) s which has the form ndx/dt=—dV/dx, the Landau—
FQVQ-Fo=2 2 Foo™ 2 L(k—ko)*|lQd% Ginzberg theory states that the order parameter of the system
k Q in the absence of an external field has the fofm,
where FQQ:(ﬁZF/O'?QZ)eq by definition. F(Q,VQ)—F, is 140 SE
the reversible work necessary for the system to move away — —=-—. (5)
from its equilibrium state. The form of this equation can also I' ot oQ
be obtained by writing the free energy in momentum spacehe reciprocal of the Landau—Ginzberg damping consfant
with respect to its minimum value and keeping only the quais analogous to the friction.
dratic term, i.e., making an harmonic approximattbrBe- The Landau—-Ginzburg equation does not allow for ther-
cause the free energy density function has been expresseathl excitations, i.e., thermal fluctuations. It is these excita-
explicitly in terms of |Q,| in Eq. (2), we use|Q,| as the tions however which are the origin of the stochastic pro-
order parameter instead Qf(r) in the following treatment.  cesses in the monolayer phase transitions we are considering.
The variabIko|2 appearing in the free energy equation To account for the thermal excitations, we add a random

is the Fourier component of the correlation function, variableA(k,t) in momentum space and time in the Landau—
. Ginzburg equation, i.e., we will work with a Landau—
(QUrHQ(r' +1)) =2 |Qy2e’™. Ginzburg stochastic equation,
k
1 9|Qu(t)|
The average value ofQ,/? which we now refer to as T ot 9QuD) +AKD. ©

G={(|Q/? can be obtained by averaging over all possible .
configurations. The probability density of a given Configura_lt should be noted that the above equation has the same form

tion is given by as the Langevin equation used f[o describe dynamic phenom-
ena in the presence of a potential and a stochastic force. Let
w(lQd) = exd —BJ(F—F0)dr] us define the time dependent correlation function,
k - .
—BI(F—FO0)drld
| Jexit=pI(F-FO)dridQd G = (| QO] [QD)). ™
This leads to On multiplying both sides of Eq6) by |Q,(0)| and noting
kgT 1 that {|Q,(0)|A(k,t))=0 we obtain,
(=G~ o E— )
K e LIOY _ Gt Lik—ko)%G 8
It should be noted thaB, is time independent and willbe T gt QeCKD~L(k=ko)"Gi(D). ®

written in terms of an arbitrary time=0 as(|Q,(0)Q(0)|)

R . : h lution of thi tion yiel
at a later point in this discussion where the time dependen-{ e solution of this equation yields

fluctuations are analyzed. Gy(t) =Gy (0)e TTFootLik—ko It (9)
with Gy (0)=(|Q*) =(|Qu(0)Q«(0)[) which has the equi-
B. Correction to the Landau expansion near criticality librium value given by Eq(3).

_ _If ko=0 andF4o=0, the sy;tem is saiq to b_e ina sf[at_e of D. Theoretical analysis of the data
criticality because the spatial fluctuation is maximized . . . .
aroundk,=0, i.e., infinite wavelength. In such a state, the ~ Let us suppose the laser light intensity has a Gaussian
local order paramete®(r) will fluctuate greatly. In general, spatial distribution,
one states that at a critical point, the order parameter under- 2

. . I(r) 1 r

goes a huge spontaneous fluctuation. The huge fluctuations —~ = exp — =—|. (10)
that occur when the critical state is approached make the lo 27o” 20

quadratic expansion invalid, i.e. higher order terms must bga second harmonic signal is proportional ToThis means

considered. It is therefore necessary to include the higheg,; the signal response calculation should include the
order terms in the expansion. An estimate of this CO”eCtiOWNeighting function

has been made using a diagrammatic expanSisnturns

out however that the free energy density can still be ex- f(r)= 1 ex _ﬁ (11)
panded as 2o’ a?)
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Let us consider first the fluctuation in the observation

area. We will evaluate the signal fluctuatiéB(t) subject to
6Q(r,t), at timet,

§S(t)=f drf(r)sQ(r,t). (12

It is easier to handle the above integral in momentum

space. In two dimension$(k) will take the following form:

N o’k 1 k2
=2z~ 7 )72 " 22

with k_=(2/0).

(13

5S(t)=fdrf(r)&Q(r,t)zfdrf(r)fdkeikak(t).

Transforming to frequency space we obtain,

L (19

5S(t)=fdwei“" fdrf(r)fdkeikak(w)

Therefore,
5S(w)=f drf(r)f dke' Qu(w)

=f dek(w)f dre“"f(r)=f dkQy(w)f (k).
(15

With Qu(w) =|Qy(w)|e'*® ). The ¢(k,w) is a random vari-

able due to the stochastic properties of the fluctuation. Be2niline,
cause of this random phase, only those elements with th
ie., onlyd

same phase will be added constructively,
f(kq) f (ko) Qr1(@) Qi (w) 8(ky — ky), in the calculation of
8S(w) 6S* (w). Therefore, we obtain

5S(w)58*(w)=277f kdK f(k)1?| Q(w)|?. (16)
To obtain|Q,(w)|2 we Fourier transform Eq9),
|Qk(w)| _v w2+F2[FQQ+ L(k_ k0)2]2 (17)
and the final result 08(w) is
27TrkBT
0S(w) 6S* (w) = v
[f(k)]?
8 f KK P T F oot L(k—Ko) 22"
(18

The autocorrelation functioidS(0)5S(t)) simply goes
as
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<5s<o>53(t)>=f dwe“'5( ) 5S* ()

27TkBT
=—0——¢e

V
2
X f kdk—z[f(k)] ~TLttk—ko)?,
FootL(k—kp)
(19

The normalized autocorrelation function is

(55(0)5S(1))
(55(0)55(0))
I
L ovenrarah
—e e [f( T2 20

kdk ———————

In terms of numerical fitting, there will be three fitting pa-
rameters(a) ko, (b) I'L, (c) ['Fqoq or (Fog/L). In our ex-
periment, we will use these parameters to fit the autocorre-
lation function of C16 aniline at four different surface
coverages and for three different chain length anilines.

IIl. AMPHILPHILE SYSTEM AND SHG

In this work we report on our studies of a series of long
chain para substituted amphiphiles having as the head group
one of the following: aniline, gH,NH,; phenol, GH,OH;
anilinium, GH,NH3; phenolate, gH,07; N,N-dimethyl
GHJN(CHy),;  and  trimethyl  anilinium,
g6H4N+(CH3)3. Neglecting local field effects the second or-
er susceptibility tensog'® can be related to the molecular
nonlinear polarizabilitya® by x?=N(a'?). For an inter-
face that is isotropic in the surface plane, i.e., is rotationally
invariant with respect to the interface normal, two of 12
elements that we will be concerned with can be writtefi as,

X0 3 NG fl a2, ), i), 0,91+ e cos O)},
(21)

Xsox= 2 Nl Flas7 a5 sz 0,91+ arZ{cos O)},
(22)

whereNjs is the surface density, and

f[a(z) (2) 01(2)

7722 ZXX? XZX? 0’1/1]
=a'?{cos 6 sir? )—[a'Z+2a'2]
X {(cos @ sir? 4 sir? ),

0is the angle between the molecular symmetry @xasd the
surface normak, andy is the rotation angle of the molecule
about its symmetry axig. From Egs.(21) and (22) we see
that x2), and x'2) differ only in the nonlinear polarizability
coefficients of(cos6), namelya{?), and a{2).
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IV. EXPERIMENT

25

All long chain anilines were purchased from Aldrich
(97% purity and were further purified by recrystallization
from ethanol. All long chain phenols were synthesized by
standard methods and purified by recrystallization from
hexane and ethanol. C16 N,N-dimethyl aniline,
CH3(CH,)15C¢H4N(CH3),, and C16  N,N,N-trimethyl
anilinium iodate salt, CK{CH,);sCsH,N"(CH;)5105 were
synthesized from C16 aniline by refluxing with GiHNn eth-
anol solution. The reactants mixture passing through silica
gel column were separated into three components. The com-
ponents corresponding to C16 N,N-dimethyl aniline and C16
N,N,N-trimethyl anilinium iodate salt were identified by NS R .
NMR and mass spectrum. The raw products were further 20 30 40 50 60 70 80
purified by recrystallization from ethanol. Area per Molecule (Az)

The SH signal corresponding to the two elementd),
and)(g()x [Egs.(21) and(22)], were measured as a function of FIG. 1. Surface pressure vs area per molecule isotherm on water or water
time using a synchronously pumped picosecond dye lasepiution subphase. Curve 1, C16 phenol over water; curve 2, C16 aniline
and a single photon counting detection Sys?em_ over water; curve 3, C18 phenolate over 2N KOH; curve 4, C16 anilinium

To simultaneously measure tipeands polarized com-  °Ver 1N HCl.
ponents of the SH signal, the collected SH light was first

collimated and passed through a pair of polarizer cubes. Thf. The orientation fluctuation for C16 aniline/water
first cube passes thg, component of the SH light and re- o . )
The liquid phase of C16 aniline starts at 37. At this

flects theEg component out the side window. THg com- . . : o
ponent was time delayed by 5 ns and then recombined witfensity, the SH fluctuations obey Poisson statistics and the

the E, at the second cube. Both, and E, then passed time autocorrelation function of the SH signal fluctuation is
p . s p . . . .

through a monochrometer and were detected by the singf@0S€ t0 asfunction, which indicates a homogeneous sur-

photon counting system. The 5 ns time separation betwegfgC&: This is consistent with thH-A phase diagram which

E, and E, allowed the simultaneous measurement of bothshows that the coexistence region has ended and the mono

elements using the same photomultiplier tube and time cor@Y€r i @ single phase liquid region. On further compression
related single photon counting system. THeA phase dia- to densities above 37 %non-Poisson fluctuations were ob-

grams were measured using the Wihelmy plate method. ~ S€rved forxi2x [Fig. 2b)]. However, fO.ng()x: the fluctua-
tions observed were very close to a Poisson distribUfag.
2(a)]. This indicates that the fluctuations are due chiefly to
photodetection noise and not due to molecular fluctuations at
V. RESULTS the interface. We therefore conclude that we are detecting a
polarization dependent fluctuation and hence an orientational
The experiments reported were carried out at densitiefuctuation. It should be noted that there is no indication from
corresponding to the condensed phase region of the monghe II-A phase diagram, Fig. 1, of a phase transition in this
layer. For the long chain anilines, from C12 to C16, thedensity region of the liquid phase.
phase diagrams are essentially the same, all having the gas— Further support that the observed fluctuationf\&t37
liquid phase coexistence boundary at 37 Bor long chain A are orientational was obtained from the simultaneous
phenols, from C14 to C18, the phase diagrams are also thieeasurement of the Es and Ep components of the SH signal
same, and the monolayer gas—liquid phase coexistence ef@r incident light polarized at 45°. Using C16 aniline at a
at 27 &. This insensitivity of phase diagram to the chain surface coverage of 34%Awe found that thes component
length indicates that the LE—LC phase transition for eactluctuations were much greater than that for fh&ompo-
series should occur at a much shorter chain length. Thereforgent. The large difference in the magnitudesadnd p fluc-
the chain configuration phase transition is not encountered ituations results in a fluctuation of the polarization of the SH
our studies. field, i.e., arctan E5°/E}”). From the magnitude of the fluc-
tuations we find that the polarization fluctuates between the
angles of 50° and 75° with respect to the surface normal. It
We observed orientational fluctuations in four samplesshould be noted that the; component arises from theg,
the C16 and C14 anilines, C18 phenolate, and C16 N,Neomponent whereas thg, component arises from several
dimethyl aniline. None of the phase diagram show any cleasusceptibility elements. These various elements have oppo-
plateau or kinks in the density region where the orientationasite signs due to their Fresnel coefficients which decrease the
fluctuations are observedFig. 1). One thing that these magnitude of the fluctuations. From the observed fluctua-
samples have in common is that they are electron rich speions in x{2) and the fluctuations in the polarization of the
cies, which allows for a large anisotropic dispersive interacsecond harmonic field we conclude that we are observing
tion between the aromatic chromophores. orientational fluctuations. On compressing the monolayer

Surface Pressure (dyn/cm)

A. The samples showing orientational fluctuation

J. Chem. Phys., Vol. 102, No. 14, 8 April 1995
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FIG. 2. Autocorrelation function oAl (t) and probability density function
of SH signal counts of C16 aniline at 34 fa) with s polarized input ang
polarized output corresponding §g2); (b) with 45° polarized input ang

polarized output corresponding &2

further we find that fluctuations maximize in amplitude and
correlation time at around 30?AThey then sharply decrease har
at 28 A2 where the fluctuations become approximately Pois
son in charactefFig. 3). We were unable to go to higher
coverages because the monolayer collapses below?28 A
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FIG. 4. The autocorrelation function of the ratio &f(l;) of N,N-dimethyl-
C16-aniline, CH(CH,);=CsH4N(CHjy),/water monolayer at 28 and 252A
Thel, andl components were simultaneously measured as described in the
context.

The observed change in the polarization of the second
monic light by 10° on going from the low density side of

the transition to the high density side indicates that the phase
transition is a structural change corresponding to a change in
the tilt angle of the amphiphile head group.
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2. The orientational fluctuation for C18 phenolate

The pKa of phenol at the air/water interface is 11%.
Using this value the phenol monolayer should be completely
ionized to C18 phenolate at 2N KOH, which corresponds as
expected to the constant maximum value observed in the SH
signal at this and highgrH values.

Once again in this monolayer we observed th&,
shows large fluctuations whereas t#&), element does not.
This once again indicates the orientational origin of the sig-
nal fluctuation. The signal fluctuation peaks at 34—32Ad
then rapidly decreases showing no large fluctuations at a
coverage of 30 A

3. The orientational fluctuation for N,N-dimethyl C16
aniline/water

The condensed phase of N,N-dimethyl C16 aniline,
CHg(CH,),<CsH/N(CH,),, starts at 28 A Upon further
compression, the fluctuation magnitude increases and
reaches a maximum at 252Aafter which they decrease
sharply to the random noise levéfig. 4). To examine the

FIG. 3. The autocorrelation function and probability density function of c16 ©rigin of the SH fluctuationfEs andE,, were simultaneously
aniline monolayer at the surface coverage of 28 A

measured. The autocorrelation functions bf ;) at 28 R

J. Chem. Phys., Vol. 102, No. 14, 8 April 1995
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and 22 & show ad&function decay that is expected from

fluctuations due to photon counting statistics indicating that 1.0
we are at densities outside the phase transition region. At 25 0.0 C12
A? however there is a distinct slow time decay observed as 0.6~
shown in Fig. 4. These fluctuations in the polarization of the 0.4+

0.2+

SH light strongly support the orientation origin of the SH
fluctuation.

It should be noted that the difference between C16
aniline and C16-N,N-dimethyl aniline is their hydrogen
bonding ability with water. This suggests that hydrogen
bonding, though very important in molecular orientation, is
not the deciding parameter in the observed orientational fluc-
tuations.

0.0~ Ra=

1.0

O c14
0.6
0.4

0.2-1 ¢

0.0

1.0

Autocorrelation. Function of Al

B. The amphiphiles showing no orientational ] c1e
fluctuation ::’:

We also measured the SH signals from the C14 phenol, 0.2 20 peion
C16 phenol, C18 phenol, C16 anilinium, C18 pyridinium 0.0 i
bromide, CH(CH,),;,CsH,NHBr~; C22 pyridinium bro- ; 4 A
mide, CH(CH,),,CsH,NHBr~; and C16-N,N,N-trimethyl Time(sec)

anilinium, CHy(CH,);sC¢H,N"(CH;);. None of these
samples showed any fluctuations beyond the Poisson distrib-

uted noise fluctuations due to the single photon countind!G- 5. Comparison of calculations and data at different chain lengths. The
detection numerical calculation of the autocorrelation functionAdf at 34 A of C12,

C14, and C16 aniline assuming the linear free energy relationship of the
damping constanf with 700 cal/mol for each methylene group. Solid lines
are calculations and circles are data points.

C. Dependence of orientational fluctuations on chain

length

The importance of chain—chain interactions on the ob+ics. As the surface density increases, the monolayer evolve
served orientational fluctuations is seen in the strong depefrom one phase state to another with molecular orientation as
dence of the decay of the SH fluctuations on the chain lengtbhe order parameter.
of the aniline amphilphilgFig. 5. We find that the shorter Since the SH signal is due chiefly to the aromatic head
the chain length of the aniline, the shorter is the correlationyroup we note that the fluctuations that we observe must be
time, and the closer is the statistics to a Poisson distributiordue to the fluctuations in the orientation of the head group.
This indicates that the monolayer surfaces for the short chaipiowever one cannot conclude from this that the driving
anilines are more homogeneous on the time scale of Ouprce for these fluctuations are due only to head group inter-
measurements than the C16 aniline. In fact the probabilityctions, e.g., via a dipole—dipole or dispersive couplings be-
density function of the SH signal from C12-aniline does notyyeen the head groups. It is quite reasonable that chain—
show any deviation from Poisson fluctuation for the experi-chain interactions at these relatively high densities play some
mental sampling time scale of 0.5 s that we use. This couldole in the head group orientational phase transition. We
be due to a correlation length for the Cl12-aniline that isknow that the chain—chain interactions cannot be the major
much smaller than the laser beam a(@au radii), and/or a  factor however since we do not observe any orientational
relaxation that is much faster than the 0.5 s sampling time. Hjyctuations for an equal chain length amphilphile with a
is perhaps not surprising that the orientational motions of thead group, having a similar dipole moment to aniline, e.g.,
head group are slower for the longer chain anilines sincgy-hexadecylphenoh-CHs(CH,);5—CsH,OH.
both packing and attractive interactions are stronger. Let us now consider the orientation of the aniline head

group. Noting that the twist anglé is present only in the
common functionf[ a{2,,af2 a2 6,4] for both x) and

VI. ORDER PARAMETER: NATURE OF THE D4 X
ORIENTATIONAL PHASE TRANSITION $2, Egs.(21) and(22) indicate that thecos6) term is re-

sponsible for the fluctuations, since it is only this term that

We now consider the basis for the orientational fluctua-differs for y{2) and 2. In the common terni appearing in
tions. As noted earlier, we observed for a number of amEgs. (21) and (22), the 6 dependence is contained in
phiphiles, the appearance of orientational fluctuations whoséos @ sir? 6). As ¢ fluctuates about some average value there
magnitude and decay time depended on the monolayer suvould be a much smaller fluctuation {nos @ sir? 6) than in
face density. We observed that as surface density increasdsps6) since asd changes co$ and sirf # move in opposite
the fluctuation magnitude and time scale start to increasadirections, thereby reducing any net changécios 6 sir? 6).
then reach a maximum, and finally decrease to the normafrom theoretical estimateg2), is much larger tham{2), for
random noise level associated with photon counting statisaniline® This could result ina{2){cos6) being appreciable
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36A2

Autocorrelation Function of Al
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FIG. 6. The numerical fitting of the autocorrelation function/of to the
Landau—Ginzburg theory at 36, 34, 32, 36 & C16 aniline.

in x\2), whereas the{2){cos 6) could be small relative to the

f term in x{2). This would explain why we readily observed
orientational fluctuations in thg?) element and not in the
$2) element for C16 aniline, C18 phenolate and N,N-
dimethyl Cganiline.

The order parameter must be an observable quantit
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TABLE |. Correlation timer, (s) as a function of area per molecule and
laser radius at interface.

Area/moleculgA?)
36 A2 34 A? 32 A 30 A2 28 A?
3 um 9+2 14+2 16x2 17+3 <15
6 um 5+2 6+2 12+3 17+3 <15

smaller autocorrelation time for the larger beam radius can
be understood in terms of the relative sizes of the correlation
length(domain siz¢to the laser spot size. At a density of 36
A? the interface is well away from the transition point30

A?) and consequently the orientational correlation length is
expected to be significantly smaller than the beam radius of 6
. Because the domain size is much less than the laser beam
area the number of domains within the laser spot is greater
for the larger beam than for the smaller beam. These differ-
ent domains are independent and decorrelate more rapidly as
their number increases, thereby yielding a more rapid auto-
correlation decay. As the transition point is approached the
domains increase in size and the decay of the autocorrelation
function would be slower, though still showing a change
with spot size. This is seen to be the case at 363% A2,

and 32 K. At 30 A? the system is near the transition point
and the domains are very large, becoming larger than the
beam size. This is seen in the result that the same decay time
is observed for the @ and 6u radii beam(Table ), from
which we infer that the orientational correlation length is
greater than f. It should be noted that the laser beam has a
Gaussian spatial profile and most of the SH signal comes
from a smaller radius thafo)=6 u. If the transition was

which changes its value during the phase transition. Th&uly second order then this correlation length would diverge

above discussion in fact suggests that the order parameter
related to co®. This hypothesis is justified for the following
reasons(a) the only difference inyy,, andy,x is the(cos6)

aé the transition point. At the coverage of 28 the fluctua-
tions have decreased in magnitude and the distribution ap-
proaches Poisson and it is difficult to extract a reliable auto-

term; (b) cosf used as the order parameter is consistent witicorrelation decay time for these small fluctuations. We

the observation that the molecule has some preferential or
entation at the interface which can be described by the ori
entation of its dipole momentc) the fluctuation of co®

roughly estimate that the decay time is less than 15 s for both
beam radii. Based on the scaling experiments at the various
coverages, which indicate a long correlation length, we infer

goes through a maximum as surface density increases, whi¢hat the phase transition is a weak first order transition.
is typical order parameter behavior during a phase transition.

Spatial extent of fluctuation

In order to examine the spatial range of the orientation

a
fluctuations we varied the laser beam area by a factor of E

from a radius of 3—Gum. If the SH fluctuation is due to the
translational motion of domains with different orientation or-
der, one would expect that a domain would take a longe

VII. CHAIN LENGTH DEPENDENCE OF
UTOCORRELATION DECAY: THEORY AND
XPERIMENT

There are three fitting parameters in the numerical fit-
ting, i.e.,ko, (Foo/L), andI'L. The data of C16 aniline at

B6, 34, 32, 30 A have been fitted to Eq20). The fitting

time to move across the larger laser beam; therefore a longer

correlation time would be expected. For C16 aniline, it is

found that at any surface coverage, the correlation time for qABLE 1. Results of the numerical fitting to the Landau—Ginzburg model.

larger laser beam is less than or equal to that for a smallecr

laser bean{Table ). This observation strongly suggests that

the orientation fluctuation we observed is not due to th
translational motion of domains, but rather is due to sponta

neous long range orientation fluctuations of the head group%?(ld)

We now consider the origin of the dependence of ther| (109

36 A2 34 R 32 R 30 A?
%, (10 cm™Y) 2.05 2.05 1.68 1.38
- 2.41 1.16 46.0 54.3
1.83 2.26 0.142 0.093

autocorrelation decay time on beam size. At 36 the
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results for C16 aniline are presented in Fig. 6. The fittingization of the incident light and that of the second harmonic
parameter value of each fit is presented in Table II. light generated. This was demonstrated in two different
Let us first look atk,. From 36 to 30 & k, decreases ways. One was by measuring different elements of the sec-
from 20 000 to 13 000 cimt indicating that wavelength at ond order susceptibility and the second by the simultaneous
the interface is increasing=(2m/ky)=3-5 um. This wave- measurement of the; andE, components of the SH light. It
length is comparable to our focus size. The valueFef4/L ) is inferred from these results that
in general increases by one order of magnitude with a mini- .
. (@ We observe a new phase transition in the monolayer
mum at 34 & while the value of L decreases by two orders . : .
) : . . with the orientation of the head group as the order pa-
of magnitude monotonically. This trend could be due in part :
. rameter. The strong fluctuation and nonzkgo where
to the monotonical decrease lofas well as a decrease bf ; : .
. ; ko is a measure of the extent of the spatial fluctuation at
A decrease i means that there is less energy cost to move . . o
. RO . S the interface, indicates that the phase transition is
the system from its equilibrium state, i.e., the fluctuation is )
. . . . weakly first order.
much easier to excite. Another view of the decreasing (b) The phase transition occurs only in certain long chain
that the system is moving towards certain criticality. The P y g

2 . ; aromatic species indicating that the interactions be-
nonzerok, and a decreasing is in fact consistent with a : .
. i : tween the head groups is the controlling factor.
weak first order phase transition picture.

Let us now re-examine the chain length dependence o(fc) The observed change in the polarization of the second

. ; L . : harmonic light on going from the low density side of
the fluctuation. Chain—chain interactions can act as a fric- ” : T
. : . the transition to the high density side indicates that the
tional force on the head group motion. As the chain gets

longer, it is expected that the friction or drag on the head phase transition is a structural change corresponding to

group motion will increase. In the Landau—Ginzburg equa- a chang_e in the_ t”F angle pf the am_phiphile_z h_ead group.
tion, the friction or drag is presented in the damping constan{d) Th? chain—chain interactions prpwde a frictional force

' . . ) . which exerts a drag on the motion of the head group.
I'. Assuming that the orientation spontaneous fluctuation re- These interactions set the time scale of the head group
sults only from the head group interaction and that the

chain—chain interaction provides the friction for the head dyngm|cs. . . .

) e) Scaling experiments based on increasing the beam area
group motion, we propose that for the same head group, th% by a factor of 4 showed that the correlation length at
Ko,Foq,L will be the same at the same surface coverage and thye ransition region was greater thanun for Cg6
that the difference in the chain—chain interaction appears in aniline 9 9
I" only. Under these assumptions, the valud'ashould fol- ' : . . .

. : : . (f)  The fluctuation dynamics as a function of chain length
low the linear free energy relationship which states that for a and amphiohile density are in excellent agreement with
homologous organic compound, the total free energy shall a modifipedpLandau—G?/nzbur theorv of tk?e hase tran-
depend linearly on the chain length, i.e., the free energy con- sition 9 y P
tribution from each CHis a constant. Therefore we should '
check the validity of the proposal that the observed orienta-
tion fluctuation results only from the head group interactionACKNOWLEDGMENTS
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