PHYSICAL REVIEW B VOLUME 59, NUMBER 19 15 MAY 1999-I

Mapping molecular orientation and conformation at interfaces by surface nonlinear optics
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Second-order nonlinear optics can be used to quantitatively determine the orientation of chemical bonds or
submoieties of a fairly complicated molecule at an interface, and therefore completely map out its orientation
and conformation. As a specific example, we have studied pentyl-cyanoterphenyl molecules at the air-water
interface. We have measured the orientation of all three parts of the molegaleo head group, terphenyl
ring, and pentyl chainby optical second-harmonic generation and infrared-visible sum-frequency generation.
A quantitatively consistent picture of the molecular configuration has been obtained. The technique can be
applied to situations where other methods would €aily., the surface of neat liquids or buried interfaces
[S0163-182699)04119-3

. INTRODUCTION resonance®>~2*In both cases, the process is governed by a
rank-three second-order nonlinear susceptibility tensor that
Our ability of surface characterization directly affects thecharacterizes the nonlinear response of the surface. Determi-
progress of surface science, a field of great importance toation of the nonvanishing susceptibility elements from SHG
many disciplines ranging from physics and chemistry to life0r SFG can provide information on the average orientation of
Science and modern e|ectr0nic techno'ogy_ Among the Vari.the molecules or selected SeCtionS.Of the molecules at an
ous surface properties, molecular orientation is of specianterface’>™>* SHG probes electronic response of the sur-
interest for its relevance to a wide variety of interesting phejace molecules and is often less selective. Near a resonance,
nomena such as adhesion, lubrication, catalysis, anBowever, it could still be dominated by contribution from a
biomembrane functionsMany experimental techniques ex- Selected part of the molecules. IR-visible SFG probes vi-
ist for surface studies® but only a few can give quantitative brational resonances that are generally associated with spe-
information about molecular orientation at an interface. Eact¢ific moieties or functional groups on the molecules. Thus, in
has its own shortcomings. Electron scattetiagd electron-  Principle, these techniques allow us to selectively study dif-
energy_|oss Spectroscoapr any other techniques invo|ving ferent parts of the mOlecuIeS, .partiC!Jlarly their Orienta?ions,
particle scattering can only be operated with samples in hignd completely map out the orientation and conformation of
vacuum. Neutron scatterifgand x-ray diffractio require ~ the molecules at the surface or interface. In this paper, we
large experimental facilities or the studied surface must be t¥vould like to show that this is indeed the case.
certain extent crystalline. The latter is also true for optical We choose 4-n-pentyl-4-cyanop-terphenyl [5CT,
techniques like Brewster angle microscBpyand Brewster CHa(CH2)4(CeH4)3CN) molecules at the air-water interface
angle autocorrelation spectroscofyOther optical tech- as a demonstrating system in our experiment. The 5CT mol-
niques, such as infrar&t? (IR), Raman>* or ultraviolet ecules are amphiphilic and can form a Langmuir monolayer
visible'® spectroscopy and ellipsometfycan be applied to 0On water surface. Characterizing the molecular orientation
any interfaces accessible by light, but they usually lack sufand structure of Langmuir monolayers is of great impor-
ficient surface specificity to discriminate against bulk contri-tance, as they are often used as model systems for studying
butions. the function and structure of biomembrariésyhich are
Recently, second-harmonic generatit8HG) and sum- mainly composed of one or two of such monolayers. For our
frequency generatiofSFG have been developed into very purpose, a 5SCT molecule can be divided into three sections:
useful surface analytical prob&s.??> They possess all the @ cyano head group, a terphenyl ring, and an alky! cfege
common advantages of optical techniques, namely, nondd=ig. 1). We can separately measure the orientations of the
structive, highly sensitive with good spatial, temporal, and
spectral resolution, and applicable to any interfaces acces- z
sible by light. Being second-order nonlinear optical pro- ;) ¢
cesses, they are forbidden in media with inversion symmetry, >-7
but allowed at interfaces where the inversion symmetry is
necessarily broken. Consequently, they are intrinsically sur-
face specific for interfaces between centrosymmetric media.
If the input or output frequency is tuned over resonances the
output is expected to be resonantly enhanced. Thus, SHG
and SFG can also serve as surface spectroscopic tools. While
SHG has been used to probe electronic transittén$?*IR-
visible SFG allows studies of surface vibrational FIG. 1. Chemical structure of 5CT.
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and 2 and an interfacial layer. The interfacial layer can be

& either a bare interface or an interface with a layer of adsor-
AN bates. In the special case we shall discuss later, medium 1 is
z @ air and medium 2 water, and the interface has a 5CT mono-
&, T . . layer adsorbed on water. Under the irradiation of two optical
|32 B B interfacial . . . .
1! layer fieldsE; andE, with frequencieso; andw,, respectively, a

second-order nonlinear polarizatioR®®(w=w;+ w,) is
generated in the interfacial layer

PP(w=w1+0) = x&H (0= w1+ w,):Ey(w1)Ex(w,),

D

where x@(w=w,+w,) is the effective second-order nonlin-
ear susceptibility tensor of the interface. For IR-visible SFG,
w1 is in the visible range and, in the IR range. For SHG,
FIG. 2. Geometry for SHG and SFG from an interface in the®w1=w, and E;=E,. Under the electric-dipole approxima-
reflection direction. tion, the nonlinear polarization generated in media 1 and 2
must vanish due to inversion symmetry. The interfacial po-
cyano group and alkyl chain by IR-visible SFG and that 0fl{;\rization sheet is then qften the dominati.ng source of radia-
the terphenyl ring by SHG. From the results, we can deducéon for SFG and SHG in the reflected direction. The sum-
the conformation and overall orientation of the moleculesfrequency intensity in the reflected direction is given by
As a check, we can compare the deduced 5CT conformation
with the accepted one. However, as shown in Sec. Il, the
analysis to deduce the orientation of a moiety from SHG or
SFG relies on the knowledge of the effective refractive index
n’ for the interfacial layer. In previous studies, was usu-  Wheren;((2) is the refractive index of mediumat frequency
ally chosen to be equal to the refractive index of one of thel2, B is the reflection angle of the sum-frequency field,
two neighboring medi&®*~%"and the deduced orientation !1(@1) andl,(wy) are the intensities of the two input fields.
would depend on the value of . In some studiesnp’ was  The effective nonlinear susceptibiliwgﬁ) takes the form of
taken as the bulk refractive index of the monolayer
material®®® and in others, it was estimated from certain % =[&w)-L(®)]-x?:[L(01) & 01)][L(wy) & wy)]
measurement§2°39-41  (ellipsometry,  Kramers-Kronig 3
analysis, etg In this paper, we show that in order for our = i i o
results to be physically reasonable and the deduced 5CT mdith &(1) being the unit polarization vector and(1) the
lecular conformation to be consistent with the commonlyFresnel factor at frequendy. o
accepted one, we must have a valuebfifferent from the In the case of an a2|muthally_|sqtrop|c interface, there are
bulk refractive index of 5CT and intermediate between thos@nly four independent nonvanishing comppnentsxé?).
of the neighboring media, namely, air and water. With ~ With the lab coordinates chosen such tlzats along the
—1.18+0.04, we find that the 5CT molecules adsorbed atNterface normal and in the incidence plane, they aggy,

8miw?sed B

_ @)
cny(@)ni(w1)ng(w;,

)|Xeﬁ|2|1(w1)|2(w2)v (2

()

the air/water interface with a tilt angle of 515%.5° from = Xyyz: Xxax= Xyzy Xzxx= Xzyy: @Ndxzzz. These four com-
the surface normal. This experimentally determined value foPONents can be deduced by measuring SFG with four differ-
n’ is justified with a simple model calculation. ent input and output polarization combinations, namely, SSP

The paper is organized as follows. In Sec. II, we describdreferring to Spolarized sum-frequency field>-polarized

the basic theory of surface SHG and SFG measurements thigt» andP-polarizedE,, respectively, SPS, PSS, and PPP.
can yield information on molecular orientations. Section 11l The effective nonlinear susceptibilities under these four po-

sketches the experimental system and the sample preparatilfization combinations can be expressed as
method. The experimental results are presented in Sec. 1V,

describing how results are obtained and analyzed for the Xt ss= Lyy(0)Lyy(@1)L A 02)SiN Boxyyz, (48
three sections of the 5CT molecule separately: alkyl chain,
cyano group, and terphenyl ring. Then a brief discussion ngspsz Lyy(@)Lf @1)Lyy(@2)SiNB1xyzy,  (4D)

section concludes the article.
XH pss Lo @)Lyy(01)Lyy(07)SiNBxzyy,  (40)
Il. THEORY

The basic theory of SHG and SFG as general surfaceng)’PPP:_LXX(w)LXX(wl)LZZ(wz)COSﬂ CoSB1SIN B2 Xz

analytical probes has been described elsewhereand will Ly (@)L, {@7)L o 5)COSB SiN B COSBoXy ok
not be repeated here. However, for the work to be reported in _
this paper, we need a careful description of how we can LA 0)Ly(w1)Ly(@2)SinB cosB; COSBo X zxx

derive molecular orientation information from SHG and : . .
SFG. We generally treat an interfacial system as a three-layer Flzd@)bzd@y)bzA@2)SINB SINBy SINB2 X2z,
system(Fig. 2) composed of two centrosymmetric media 1 (4d)
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where B;’s are the incidence angles of the optical fiéd, 2 S A D B (2)
andL,,(Q), Ly (Q2) andL,/Q) are the diagonal elements Xijk:Ns§2g (-8 G- k- 0))argyy - 8
of L(Q), given by T

In many cases of SHG and SF@{? can be associated

L (Q)= 2n(Q)cosy , (59  With a well-defined section or moiety of the surface mol-
n;(Q)cosy+ny(£2)cosp ecules. |faé27])g is known, then the average orientation of the
2n,(0)cos moiety can often be deduced from measurementa/i(@‘
Lo (Q)= 1 7 (5b) using Eq.(8). For _example, this is the case for molecules
i n1()cosp+ny(L2)cosy possessing a rodlike charge-transfer chromophore. Surface
) SHG has becgme a commonly adopted technique to measure
L Q)= 2n,(Q)cosp (nl(Q)) (50 monolayer orientation of such molecules. With IR-visible
z ny(Q)cosy+n,(Q)cosB\n'(Q)) ° SFG, if the IR frequencyd,) is near vibrational resonances,

. . o a® andx® can be written as
In the above equations’({) is the refractive index of

the interfacial layerg is the incidence angle of the beam in

2 %q
consideration, andy is the refracted anglén;(Q)sinB “(Z)Z“MJ“% wy— wgtily’ ©
=ny(Q)siny]. Since the interfacial layer is only oner a
few) monolayer thick, its refractive index can be different %
from that of its own bulk material and difficult to measdfe. x?=x&+ % wz—w—q—lr (10)
g~ Hq

It is therefore the usual practice that({}) is chosen to be
equal to eithen,(£), n,(£2), or the bulk refractive index of where the subscript NR refers to nonresonant contribution,
the material at the interface. However, as noticeda, (x,), wq, and I'; denote the strength, resonant fre-
previously”2°*®and shown later in this paper, the determi- quency, and damping constant of tgéh vibrational mode,
nation of molecular orientation is quite sensitive to the valuerespectively. Each mode may be associated with a particular
of n’(Q), and choosingn’({2) to be equal ton,(2) or  moiety on the molecule. Again, ifx)ix can be obtained
n,(Q) is not always a good approximation. from the resonant feature in the SFG spectrum, ang £,

In the case of SHG, the last two subindices)@f are is known, then the average orientation of the selected moiety
interchangeabl&® Thus, there are only three nonvanishing may be deduced.
independenty compoNents,x ;= Xyyz= Xxzx= Xyzy: Xzxx Before ending this section, we will discuss a special case,
= Xzyy,» andx,,,. They can be deduced from measurementelevant to our study. In this case, and w; are both far
with three different input and output polarization combina-away from electronic resonances and the moiety is cylindri-
tions, PS, SM, and PP. Here, the first and second lettersally symmetric with symmetry axis along so that there are

denote the output and input polarization, respectively, and Mynly two nonvanishing independent components aif?,

refers to the polarization midway between S and P. The efa(g'?{:a@)p and a(é){ From Eq.(8), we find for an azi-
fective nonlinear susceptibilities take the forms muthall)7 ?sotropic surface

Xfe%f),PS:LZZ(w)[Lyy(wl)]zSinBXzyy, (69 XXXZ=nyZ=%Nsa[(COS@(l—H)—(COé ) (1—r)],
(119

(2) _ i
Xeff, SM™ Lyy(w)Lzz(wl)l—yy(wl)smﬁl)(yzyv (6b)
Xxzx— Xyzy™ Xzxx— Xzyy— %Nsa(<0080> _<CO§ 0>)(1_ r),

ng),PP:+I—zz(w)[l-xx((’)1)]2Sinﬂcos2 B1Xzxx (11b
— 2L @)L,  01) Ly @1)COSB SIN B COSB1 X2 X227~ Nsa[r{cos)+(cos §)(1-1)], (119
+L,{ @)L, 1)]?SINB SIM? B1X 125 (60) wherea=ag e, I =aglag,., and @ is the polar angle of

the symmetry axig with respect to the lak axis. Due to the
In the case where the interface is composed of moleculegigh symmetry in the hyperpolarizability tensor, the number
X(z) is related to the molecular hyperpolarizabilwz) by of nonvanishing independent components is reduced to
three. They can be deduced from SFG measurement with
N A three different input and output polarization combinations,
Xi(12|<):Nslii(w)|jj(w1)|kk(wz)gEng (OG- Dk-D)ade,  gor example, ssprf SPS, and IpDPP? Since an absolute determi-
o (7)  hation ofNsa is not of interest here, we can determine more
] ) - conveniently from the measurements the ratios of indepen-
where Ny is t_he surface density of molecule§,j,k) and _dent nonvanishingy components. Then from Eql1), we
(&7.¢) are unit vectors along the lab and molecular coordi-cap find the orientatiod and the depolarization ratioof the

nates, respectively, andis a tensor describing the micro- moiety by assuming @function distribution foré.
scopic local-field correction and the angular brackets denote

an average over the molecular orientational distribution. As
discussed in the Appendix, in the determination of molecular
orientation at an interface, the effect l¢f)) can be lumped In the IR-visible SFG experiment, an active-passive
into the refractive inder’ (Q) in Eq.(5¢). We can then omit mode-locked Nd: yttrium aluminum garnéYAG) laser at

lii ,1jj Ik In EQ. (7) and write 1064 nm with 25 ps pulsewidth and 20 Hz repetition rate was

Ill. EXPERIMENTAL SECTION
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) FIG. 4. SFG spectra for a 5CT monolayer on water in the CH
FIG. 3. Pressure-area isotherm for a 5CT monolayer on water.stretch range. Circles, squares, and triangles are the experimental
data obtained with SSP, PPP, and SPS polarizations, respectively.

employed as the master light source. Its frequency-doubleg®!id lines are the fitting curves.

output at 532 nm was used as the visible input. The tunable _

IR beam was generated in a AgGaSystal by difference- A. Alkyl chain

frequency mixing of the fundamental of the Nd:YAG laser We used SFG spectra of CH stretch modes to determine

with the output of an optical parametric generator/amplifierorientation and conformation of the alkyl chain of 5CT. Fig-

system pumped by the third harmonic of the |&8efhe ure 4 shows the spectra of the 5CT Langmuir monolayer in

visible and IR beams were overlapped at the sample spatiallhis range, at three different input and output polarization

and temporally with incidence angles 44° and 57°, respeceombinations, SSP, SPS, and PPP. The solid curves in the

tively. The pulse energies and beam sizes were 1.5 mJ arfijure were obtained by fitting using E@10); the fitting

1.2 mm for the visible input and 70 to 130] and 0.6 mm  parameters are listed in Table I. The peak assignments in the

for the infrared. The SF output in the reflected directiter  spectra of Fig. 4 are well knowt.The vibrational modes at

flected angle 45.9°was detected by a photomultiplier with approximately 2875, 2960, and 2940 c¢htan be assigned,

gated electronics after proper spatial and spectral filtering. Imespectively, to the symmetric {) and antisymmetricr(")

the SHG experiment, a frequency-doublg@switched stretches of the terminal GHgroup of the alkyl chain and the

mode-locked Nd:YAG laser at 532 nm and 500 Hz repetitionFermi resonancerER) between the symmetric GHstretch

rate was used as the fundamental beam. The secongnd its bending mode. The weak modes ~a2850 and

harmonic output was again measured by a photomultiplier-2920 cm! can be assigned to the symmetri¢*() and

with gated electronics after a set of spectral filters. In bothantisymmetric ¢~) stretches of the CHgroups on the

cases, the signal was attenuated when necessary to avQifain, respectively. The fact that the strengths of these

saturation of the detection system. _ modes are essentially negligible compared to those of CH
The 5CT Langmuir monolayer was prepared by dissolv-groups suggests that the alkyl chains are nearly all trans and

ing 5CT crystalSEM Industrieg in chloroform(J. T. Baker,  contain few gauche defect$.

spectranalyzed gragiend spread on ultrapure wat@esis- The orientation of the terminal GHgroup can be deter-

tivity of 18.3 M(Q-cm, Barnstead Easy-Purén a Teflon  mined by analyzing its symmetric stretch mdd&his mode

Langmuir trough. The film was then compressed slowly antyas G symmetry and can only be excited if the IR polar-

the surface pressure was monitored by a Wilhelmy plate angation is along the symmetry axis. As a result, there are only

a microbalance. The resulting pressure-area isotherm igyo nonvanishing independent elements in the hyperpolariz-
shown in Fig. 3. All the SHG and SFG measurements were

done on films with area per 5CT molecule around Z8\ile TABLE . Fitting parametersyq, g, andT, of SFG spectra
also used in the experiment a full hexadecanol monolayer ofyr 5T monolayer on water.

water as a reference sample. It was prepared by placing a
small crystal of hexadecanol on the surface of ultrapure wa- wq r,

ter. The hexadecanol molecules spontaneously spread kode (cm™) (ecm™®)  xqssp Xq.PPP Xq.5PS
form a stable full monolayet®

d* 2852 8.0 0.430.23 0.21%0.36 —0.42:0.41

rt 2878 8.7 5.180.52 —1.52+0.18 —0.97+0.31

V. RESULTS d”~ 2917 100 0.6Z0.34 —0.80:0.36 0.02-0.76

rER 2943 10.0 4.190.12 —5.23+0.22 —0.51+0.42

The 5CT molecule is composed of a CN head group, &- 2059 10.6 1580.18 8.45-0.41 —2.82+0.26

terphenyl-ring chromophore, and & @lkyl chain. We dis- cN = 2233 7.3 135%1.30 —3.17+0.43 5.35:0.50
cuss here the results of SFG and SHG measurements on thgetch

average orientation of each segment separately.
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their hydrocarbon chains forming a dihedral angle of 120°.
From this known herringbone arrangement of the molecules,
we find that half of the CKl groups have a polar angle of
4 24.8° and the other half 20.6°. With this orientation for hexa-
decanol molecules, the values othat are consistent with
the spectra in Fig. 5 are 66 <14.9, which again are physi-
. cally unreasonable. We also notice in Figs. 4 and 5 that the
CH; symmetric stretch peak is one order of magnitude stron-
ger for hexadecanol than for 5CT. This would be difficult to
7 understand if the above values éfor hexadecanol and 5CT
] were correct, knowing that the areas per molecule for
hexadecand? and 5CT (20 A? versus 28 A) are compa-
rable. All these difficulties seem to have originated from our
assumptiom’ =1 in the analysis. In fact, Bain and cowork-
ers also found a similar inconsistency in analyzing the SFG
Frequency (cm™) spectra for a dodecanol monolayéThey concluded that in
order to obtain the known upright orientation for dodecanol
FIG. 5. SFG SpeCtI’a for a hexadecanol monolayer on water |r|"n0|ecu|eS, they must assumég 1.2 0fr |S taken to be 3.5.
the CH stretch range. Qircles, squares, and triangles. are the expeff-should be mentioned that taking&function for the ori-
mental data obtained with SSP, PPP, and SPS polarizations, respegstational distribution of surface molecules is not the reason
tively. Solid lines are the fitting curves. for the unphysical values af deduced from our data, with
. the assumption of’ =1. Introducing a tilt distribution does
ability tensor,a;; anda ;= @, =T ;. The polarangle ot pring the value of within the physically reasonable
¢ and depolarization ratio can then be deduced from the |imits (1.5<r<4) for values ofy components within our

Xq'S Iigted in Table | following Egs.(4), (5, and (11).  accyracy. In the following, we resolve this problem by si-
Using' np(VIS)=1.337, np(IR)=1.393+ 0.013, na(SF)  myjtaneously determining’, fscr andr using the hexade-
=1.343 and assuming’ =n, =1 for all frequencies, we ob- 510 monolayer as a reference.

tain §=39°(+2°, —5°) andr=5.5. This large value for is With the known orientation for hexadecanol molecules
physically unreasonable. Although the value fois not  fom the x-ray diffraction measurements, the number of pa-

agrgzs% upon in the literature, it usually ranges from 1.66 tQ;meters to be determined is reduced to theae;, r, and
3.5°"*" From the known bond geometry of the @Hroup, ' The SFG spectra in Figs. 4 and 5 give us five indepen-
one finds that cannot be larger than 4.2. The value deducedyont ratios of ¥ components for ther® mode

from Raman measurements and used in a previous SFG WOS(kSP Ixssi5CT),  xpeexssd5CT),  xspd xsssCidOH)
is 2.3+0.3% ’ i '
: e . ppel XssHC160H), and  xssd5CT)/ xssdC160H),  from
We find that the same difficulty appears in the SFG rgs.ult hich the three parameters can be derived. However, the
of hexadecanol monolayers on water as well. The |RTVISI.b|qatiO Yepd xssdC1sOH) is very small and subject to a very
SFG spectra of a hexadecanol monolayer are shown in Fig. Igrge uncertainty, since the" peak in the SPS spectrum of
with the fitting parameters given in Table II. Following the hexadecanol is practically absent. Also, the ratio

same plrocedure, we ?aﬁ arg]:;ain ddetermlmandrl for the xssH5CT)/xssdC160H) depends on the ratio of surface den-
terminal CH groups of the hexadecanol monolayer. How-gitioc of ‘the two monolayers, which is an extra source of

A ' :
ever, ther © mode in the SPS spectrum is nearly absent, sqQ,ncertainty. Therefore, we chose to use only the ratios

that we can only assess an upper value jgr, () sps, leading ;
- o o Xspd XssHOCT), Xxppe XssHSCT), and xppp/ xssdC1eOH) in
to a range of possible solutions: €9<28° andr>3.3. A order to determin@scr, r, andn’, with the other two used

I;L{”y papkedl hexadlcle_canol monolaye(rj c;}n wzter form"s a t\(/jv_o- nly for consistency check. Following Edd), (5), and(11),
Imensional crystalline structure and has been well studieg," -4 calculate these three ratios as a functiofisgf, r,

by x-ray diffraction?® The hexadecanol chain has been found, 4 1y’ assuming the known value @=23° for hexade-
to be tilted 15.8° and 2.8° from the surface normal along th%anol aeduced from the x-ray diffraction resdfisThe pa-
crystallineb anda axes of the_monolgyer, respectively. Fur- rametersdscr, I, andn’ can then be determined by solving
thermore, the two molecules in a unit cell have the planes Ogimultaneously the three equations. The results obtained are
Osc1=54°(+14°, —8°), r=2.5+1.7-1.0, andn’=1.18
+0.04. The assumptions used in the above calculation are
thatr andn’ for 5CT and hexadecanol are the same and the
o, r, dispersiotn gfn’ is ntegolligible.';'hgtr itsh t?g st,)artrf:e in both

1 1 cases is to be expected, considering that in both cases we are
Mode (cm ) (€M)  Xasse Xa. PPP Xa. sPs dealing with the Fi[erminal CgﬂgrouéJ of an all-trans alkyl
d* 2853 9.4 -1.2 £0.47 —0.01+1.00 —0.50£1.44 chain. Neglecting variations in’ due to dispersion or the
rt 2875 6.8 17.631.40 —9.12-0.90 —0.08+1.50 slightly different densities of the two monolayers is a simpli-

SFG Signal (arb. units)

1 n 1 i 1 s 1 " 1
2800 2850 2900 2950 3000 3050

TABLE II. Fitting parametersy,, g, andI'y of SFG spectra
for a hexadecanol monolayer on water.

d- 2919 10.0 -0.01+0.54 5.79:3.69 —0.10+0.85 fying assumption. However, the errors introduced by such an
ris 2936 7.8 14.3%1.21 —8.71+1.78 —0.72+0.98 approximation are within the experimental uncertainty in de-
r- 2959 9.0 -7.49+2.75 15.631.20 11.6%1.63 terminingn’. Note that the deduced value pfagrees well

with the Raman results. Using the valuesrandn’ deter-
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4 T y T ; T y are buried under the monolayer, in contact with water, we
would expectn’ to be somewhat larger than 1.18, possibly
close to the value of bulk watenE& 1.34). This would lead

to smallerd andr. We shall come back to this point in the
discussion section.

w

N

C. Terphenyl chromophore

We determined the orientation of the terphenyl chro-
mophore by SHG. This has been studied before with a less
complete measurement and analysias is well understood,
the SHG from 5CT comes mainly from the terphenyl part
where the electron cloud is highly delocalized, yielding a

. . . . . ' . large optical nonlinearity. Therefore, SHG can be used to
2150 2200 2250 42300 2350 selectively measure the orientation of the chromophore. As
Frequency (cm') discussed in the Sec. II, only three nonvanishing independent

FIG. 6. SFG spectra for a 5CT monolayer on water in the CNX (_:omponents exist _for an azimuth_ally isotropic Surfa.ce’
stretch range. Circles, squares, and triangles are the experimeni%{h'Ch can be determined by measuring SHG with polariza-

data obtained with SSP, PPP, and SPS polarizations, respectiveffon combinations PS, SM, and PP. To extract information
Solid lines are the fitting curves. on the chromophore orientation from thegecomponents,

once again we need to have some knowledge about the hy-
perpolarizability tensor. In this case, the second harmonic
frequency is in resonance with an electronic transition of
%CT involving an excited state that has an electron redistri-

SFG Signal (arb. units)

o

mined above and the tilt angles of the £gtoups of hexa-
decanol determined from the x-ray diffraction measurement

we ;an Eak:glg; f;(:]rg E?;(A)’ _(51 0a5nzd grl)thtgehéiggz- bution along the long axis of the terphenyl rigg® There-
XSPY XSSP~~~ XPPPIXSSP™ L fore, thea® components whose first index {sshould be

canol monolayer. They compare well with the measured ra-;_ ~'. : S

i0S — 0.090< yspe/ xssp<0 and xppp/xsss= — 0.52+ .09 ob dominant. We will also assume that the terphenyl ring is
. SPY XssP PPP XSSP~ . . - P ; ; ; o

tained from the values of SFG susceptibilities listed in Tablecylmdncally symmetric about th¢ axis. This assumption is

[I. This shows that our procedure is selfconsistent and Supmotlvated by the fact that the phenyl rings in the chro-

ports the choice of’ =1.18 for both monolayers. This value mophore do not lie all in the same plz_;me: paraterphgnyl mol-
of n’ is lower than bulk refractive indices of hexadec¥ne ecules have twist angles between adjacent phenyl rings rang-

_ _ ing from 15° to 27° in a low-temperature pha$e.5CB
(n=143), hexadecant! (n=1.44), and 5CT(Ref. 51 molecules(similar to 5CT, but with only two phenyl rings

(Ne=1.89,no=1.54 but is not unreasonable since the LH o' vy angle of 26° in the crystalline ph¥sand 38° in

group i.s in contact with _air anq therefore has only a partiakhe nematic phas¥.With these assumptions, the hyperpolar-
screening by nearby neighboring molecules. In the Appen- : '

. . . . . . izabili nsor contains two significant nonvanishing inde-
dix, we support this choice ai’ with a simple calculation ability tensor contains two significant nonvanishing inde

based on a modified Lorentz model for local-field correctiongingﬁmeﬁgregtes;gfm%neddagﬁ: ag’}”:r:al“féilggr: ;23
at the interface. In principle, the values for for other moi- P y OBsm/Xps™ L. )

o . . _xpp/xps=0.55-0.05, we deduced=50.0°+2.5° andr=
eties in the monolayer could be different, but in the follow = 0.050+0.006 for the terphenyl chromophore using Egs.

ing we will use the sama’ for all moieties and show that 5), (6), and (11) [with the first and last subindices o
our results give a self-consistent picture of the molecular( o . 8 = ijk
geometry at the interface. exchanged in Eq.11)] an nz_(VIS)—l.337, nZ(SH)
=1.381, andn’=1.18+0.04. Again, we have na priori
reason to choosa’=1.18 here. A largen’ could yield a
B. Cyano group smaller 6. We also note that the above determined value of

We used the CN stretch peak in SFG spectra to determine= —0.050 is quite small, implying that our assumption
the orientation of the CN bond in 5CT. The spectra areabout the axial symmetry of the terphenyl core does not have
shown in Fig. 6, where the single peak can be attributed t@ significant effect on the value ot
the stretching of the cyano triple bond. Fitting the spectra
with Eq. (10) gives the resonant frequency, damping con-
stant and strengths of this mode listed in the last row of
Table I. The hyperpolarizability tensor of this mode again  The chemical structure of 5CT molecule is shown in Fig.
has only two nonvanishing independent components: 1. According to this picture, the polar angles of the cyano
and ag = a,, =1 a; With { along the triple-bond direc- group and terphenyl chromophore should be equal to each
tion. Using Eqgs(4), (5), and(11), we can deduc@ andr for other. If the alkyl chain takes an all-trans conformation, as
the CN bond from the measured ratiggps/xssp and  suggested by the weakness of the mode in the SFG spec-
xprelxssp  Takind®  ny(VIS)=1.337, n,(IR)=1.315 trum of Fig. 4, the polar angle of the terminal gigroup
+0.011, ny(SF)=1.342, and usingn’=1.18+0.04 as de- should also take the same value. The polar orientation de-
termined above from the CH spectra, we find tl#at53°  duced from our SHG and SFG measurement agrees well with
+3° andr=0.25+0.03. In this case, we have repriori this picture. The measured polar angles of the cyano group
reason to choose’ =1.18. Considering that the CN groups (53°*3°), terphenyl ring (50.0%2.5°) and terminal CHl

V. DISCUSSION
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group [54°(+14°, —8°)] all agree within the experimental Ky
uncertainty. Combining the above measurements we can P
conclude that the 5CT polar angle is 51:52.5°. However, Jiu-

this orientation is quite different from the value obtained (a) ¥ n,
previously”® for the chromophoré60°) from SHG measure-

ments by assuming’ = 1, indicating again the importance of

its proper determination. In this earlier measurement, the as-

sumption ofn’=1 was supported by the linear relationship

between the square root of SHG signal and monolayer den- T * P

sity. This can only be true ifi’ does not depend on density, LR ’:LU: A+
which is only true forn’=1. However, from the scatter in () ++

the data and limited monolayer density range studied, a small
change in linearity caused b/ ~1.2 at full coverage could
not be easily detected.

We should now comment on the valuesrmdfused in the FIG. 7. Slab model for calculation of local-field correction at the
data analysis. As shown by the simple calculation in thénterfage. The incident fiel&, is (a) parallel and(b) perpendicular
Appendix, the valuen’=1.18 determined from SFG mea- (© the interface.
surements for the terminal GHyroup is not unreasonable,
considering that this group is right at the interface between
air and the rest of the monolayer and therefore has only a We would like to acknowledge useful discussions with
partial screening by neighboring molecules. However, theXing Wei. This work was supported by the Lawrence Ber-
use ofn’=1.18 for the analysis of terphenyl chromophore keley Laboratory through the Director, Office of Energy Re-
and CN orientations is less justifiable. Intuitively, one would Search, Basic Energy Science, Materials Science Division of
expect than’ for the terphenyl chromophore and CN would the U.S. Department of Energy under Contract No. DE-
assume values very close to the bulk refractive indices of th&C03-76SF00098.
monolayer material and the water subphase, respectively.

The polar angles obtained would be 30° for the terphenyl APPENDIX

chrqmophore(takmg n'=1.60 and 41_° for the _CN group Here we hope to justify the value af =1.18 determined
(taking n’=1.34. These values are in clear disagreement, the hexadecanol and 5CT monolayers with a simple es-
with the CH; orientation, even with its large error bar. There- timate of the local-field correction at the interface using a
fore, the value of’ for the core part cannot be considerably modified Lorentz mode®® In calculating the orientation of a
larger than the value 1.18 determined for the ;afloup.  moiety, we need to know the ratio ¢f?) elements, for ex-
This suggests that the proper value fdrfor the analysis of ample,ng)’ spéng), ssp We consider the moiety at the inter-
SFG or SHG measurements has to be determined with cargyce between media 1 and 2 with refractive |nd|c@sand

It may not necessarily be the same as the bulk refractivg, respectively. From Eqg$4) and(7), we can write
index of the material at the interface or the one determined

by ellipsometry(n,=1.49,n;=1.46 for a dodecanol mono-

layer at the air/water interfat®, since the effectiven’ de- Xfe%f),SPS_ SinB1( L4, (Lyylyy (al2)
pends on the local-field correction and on which moiety be- x2op SN, o\ Ladzz] | (a2
ing probed. In this paper, we have used a hexadecanol ' ! 2
monolayer as a reference system of known orientation to
determinen’. The same vaIue'om’ can then pe used for Where(“i(ﬁb:zg,n,g((?'%)(f' ;l)(R'Z)Mfgzn)g andL;;(Q) is
other monolayers with Citerminated alkyl chains, as long given in Eq.(5) except that inL,(Q), n’ is taken as;.
as their surface densities are close to that of the hexadecar®tom the three-layer modéFig. 2), however, we find
monolayer.

To conclude, we have shown that the second-order non-
linear optical processes, SFG and SHG, can be used to quan- ng),sps_ sinBy[L,An") Lyy <a(yzz)y
titatively determine the average orientation of selective func- Y@ " sing, | Ly, | L An")), (ai2)
tional groups or moieties of surface molecules. The ! 2
combined results allow us to completely map out the orienwith L;;(2) given in Eq.(5). Comparison of Eq9A.1) and
tation and conformation of a fairly complicated molecule at(A.2) then yields, at each,
an interface. The 5CT Langmuir monolayer is chosen as a
demonstrating system. The orientations of all three parts of l22 (nl)z

ACKNOWLEDGMENTS

(A1)
Lyylyy

(A2)

the molecule, cyano group, terphenyl ring, and pentyl chain, [
have been measured separately by optical SHG and SFG.

The results give a guantitatively consistent picture of the This result can be proved to be true in general. To fihd
molecular configuration if the appropriate refractive indiceswe must evaluaté,, andl,, . Consider the geometry shown
for the monolayer are used. The latter can be obtained frorin Fig. 7, where we have assumag=1 for simplicity. The
measurements on a similar monolayer of known orientationextension to the case of # 1 is straightforward. We want to

n!

(A3)
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ns+5

6

calculate the local field at the poiRt at the surface for the n%— 1

input field paralle[Fig. 7(a)] or perpendiculafFig. 7(b)] to Ep=E;+ 5 Ey= Eé( ) with EgL z.

the surface. The local field & is the sum of the input field (AB)

and the dipole fields generated by polarizations inside the

hemisphere aroun@ and in the rest of the semi-infinite me-  Knowing l,,=1,,= Ep/Eg andl,,=ER/Ey, we then get

dium. Because of the assumed isotropic symmetry of thérom Eq. (A.3)

medium, dipole field from the polarization in the hemisphere 5 2 2 2

vanishes andkp is given by (i) :(2n2+1)/(3n2) - 4ny+2
n' (n3+5)/6 n5(n5+5) "

(A7)

Ep=Eo+ Esurs (A4)

) L The above equation gives =1.22 forn,= 1.5 (close to
whereEg,is the contribution from the bound charges at theihe value for hydrocarbopsand n’=1.15 for n,=1.34

slab surface, as shown in Fig. 7. We can calcuaigin the  (close to the value for watgrThe value o’ =1.18 we used
electrostatic limit. The results foE, parallel and perpen- jn the data analysis is between these two values. This means
dicular to the surface are that for any reasonable choice fos the value ofn’ calcu-
2 2 lated from this simple model is close to 1.18, which, as we
EL=E)— n; El— 0( 2”2+1), with Ejliz have shown in this paper, does give a consistent picture of
3n22 3n22 the 5CT orientation and conformation within our experimen-
(A5) tal uncertainty.
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