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Molecular and surface hyperpolarizability of oriented chromophores of low symmetry
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In chromophores of low symmetry, including chiral species, modeling calculations generally do not produce
the most convenient set of coordinates for evaluating the molecular second order nonlinear polarizability tensor
B2, By referencing the internal coordinate axes with respect to a single, dominant transition, the number of
significant electric-dipole alloweg(® tensor elements can be reduced from 18 in second harmonic generation
(SHG) to at most 3, with the complete removal of all chiral elements. This coordinate transformation reduces
the complexity of SHG measurements of oriented chiral systems to a level consistent with chromophores of
significantly higher symmetry and provides a straightforward approach for extracting orientation information
from polarization measurements.
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INTRODUCTION dichroism?1417-20Fg|lowing the development of SHG-CD,
several intimately related chiral effects were observed. Hicks
The continuing expansion of surface-selective nonlineagnd co-workers?° have developed a nonlinear optical ana-
optical methods into studies of biological systems requiredog of optical rotary dispersion. Persoons and co-workers
the development of new methods to interpret polarizatiohave demonstrated linear dichroism in SHEHG-LD),
measurements of chiral films. To date, second harmonic genvhich is the difference in detected SHG intensity for light

eration polarization measurements designed to interprdtnearly polarized at+45‘%ﬁvs —45° and has no analog in
molecular orientation have been primarily performed on@bsorbance measuremefitsverbiest, Kauranen, Persoons,

films of dye molecules of reasonably high symmefmjten and co-workers demonstrated that nonlinear optical activity
C,y or highe).2~8 In these instances, the number of uniquecan occur in surface films of achiral chromophores exhibit-
nonzero elements of the second order nonlinear optical te ng in-plane anisotropy, provided the measurement Is per-

) : ormed in an experimental geometry with no mirror
f;)rg,e on?;/:[[?e |so|a;ed chrognodpgore re?;;i?nt?;n%gfewplane?2‘25 Sum frequency generation in chiral liquids has
9., 2'72'7" s 2% x! 1 x'x'z! -

: ; also been recently demonstrated as a novel probe of molecu-
mophores withC,, symmetry, with one element often

nore : : _lar chirality26-32
dominating the nonlinear response. Notable exceptions in-  This remarkable sensitivity to chirality suggests nonlinear
clude studies by Corn, Higgins, and co-workers and othersyptical techniques such as SHG and SFG should be particu-
in-which methods of treating chromophores with nonzerogr yseful in structural studies, provided the chiral response
Byixixr @nd By, contributions were presentéd.in the  can be correlated with surface and molecular organization.
limiting cases in which only one or two elements of {B& Maki and Persoon® Hache, Mesnil, and Schanne-Kleth,
tensor are significant, the measured nonlinearity of the surand Hicks and co-worketé have reported theoretical mod-
face film (described by the(? tensoj can be used to inter- eling studies focused primarily on understanding the molecu-
pret parameters related to molecular orientation using fairlyar origins of the second-order nonlinear optical response. In
simple expressionjs‘jvg‘llln contrast, chromophores of low previous work from this Iaboratofgi an alternative potential
symmetry generally have unique nonzero values for all 18&ource of chiral effects in SHG measurements was theorized,
independent elements of tlﬁéz) tensor for second harmonic in which SHG-CD can arise from surface orientation and
generation and all 27 for sum frequency generati8RG). packing rather than directly from chromophore chirality. As a
This striking increase in the number of contributing elementggeneral tool for interpreting nonlinear optical polarization
of the B(Z) tensor has restricted meaningfu| extraction Ofmeasurements in oriented chiral and achiral SyStemS, the

orientation information in systems of low symmetry, includ- Present work describes a procedure for expressing the mo-
ing chiral films. lecular hyperpolarizability using any arbitrary internal coor-
The importance of reliable polarization interpretation indinate system, with significant simplification achieved by
oriented chiral systems is highlighted by the pioneering workreferencing the coordinates with respect to a single transition
of Hicks and co-workefé 1 and Persoons and dominating the nonlinear response at a given incident wave-
co-workers'>~*7in which both groups independently demon- length.
strated the presence of anomalously large chiral effects in
nonlinear optical measurements of ultrathin surface films.
Second harmonic generation circular dichrois8HG-CD
experiments yielded dichroic ratios approaching and exceed- The complex hyperpolarizability tensor elements of indi-
ing 100%, values several orders of magnitude greater thavidual chromophores may be evaluated explicitly from sum-
typically observed in the linear analog of absorbance circulaover-states expressiofis>®—>°The treatment presented here

THEORY
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focuses exclusively on second harmonic generation as ex andb. Equation(1) simply states that the total hyperpolar-
perimental observations of largé® nonlinear optical circu- izability of an isolated chromophore is a coherent sum of
lar dichroism have not been routinely observed in infrared-combined pairwise interactions between the ground and the
visible SFG surface experiments. Although SFG has beerxcited states. A shorthand notation has been adopted, in
predicted and observed in the bulk from chiral solutions, thevhich (8jji) ' n IS @anNX N square matrix with each element
intensity of the nonlinear field attributed to chiral interac- describing the nonlinear contributions from the respective
tions was typically four to six orders of magnitude weakertwo or three state interactions for a given setijkfcoordi-
than for analogous SHG measurements of oriented chiral sunates for allN excited states. The notation of Pugh and Mor-
face system&?°~31The relative values of all nonzero ele- ley has been used for thiefunctions, which contain fre-
ments of the comple(?) tensor can be determined by sum- quency dependencies and phase informaltton.
ming together the contributions from all the excited states It is convenient to distinguish between the diagonal con-
and projection onto the internal molecular coordinate: tributions to3®), in whichn’=n, and the off-diagonal con-
tributions, in whichn’ #n# 0. Expressions for the individual
2/ _ o . _ diagonal Eqg. (2)] and off-diagonalEqg. (3)] matrix elements
Piik( 2w’w’w)_nEn (Bijdn'n, @) including complex damping terms have been derived in an
earlier work*'%

(Bijk)n'n

T | B B
= — gz ibnstl + o ) (LD +1(1,1)]

: - . S _ T
+:leno(:“g)n//-”n’n—'—ML’nME/o)[f(lu3)+f(1,3)] (IBijk)n’anz_hlZ , gn(zﬂnol'.l’;‘o )2
. . . N Wno™ oty
ol (b, o+l ouk, + :
. o (oo Mn,OMn LHED f(3.. = ,U«ino( 5L0Mﬁo+#£105|r(10)(w§0+2w2)
The ijk lowercase subscripts and superscripts refer to the

2 ; 2 2 H 27|
molecular coordinate axes, wifh,, representing the projec- [@ho=(20+1Tno) JL@no~ (@+iTno)7]
tion along the axis of the transition moment between states (2

( )

i i k j k 2

,LLnn,(/.L]r,o,an,O+,LLJn,O,LLnO)(a)nOwn,O—I— °)
2 . 2 .

[wn’o_(w+Irn’O)Z][wnO_(w+|Fn0)2]

. : K i Kk
(Bijk) o1 { Hnol Byrobnn+ Bohynbinro) (@no@nroF 20°)
NI AR ) T L] o= (0+iThi0) 2l who— (2w+iT 10)?]

()

. - : )

/‘LIn’O(IU“LOILLn’n—}_Mjn’n/"’no)(wnown’odl'zwz)
2 . A

[wn’o_(2w+IFn’O)Z][wﬁo_(“""'Fno)z] )

In Egs. (2) and (3), wy, is the resonant frequency of the ,Bi(ﬁ()(—Zw;w,w)
transition between statea and b with 0 indicating the

ground statel',,, is the corresponding damping constaat, _ ~ fno
is the fundamental frequency, aﬁ@a is the projection along - hz[wﬁo—(zwﬂl“no)z]
the i axis of the difference in permanent dipole between _— _—
statesa andb. (Shotnot Khodno)
In general, both diagonal and off-diagonal contributions % ® ik [
to B?) must be considered at a given incident frequency. +2 m)(ﬂnroﬂn'ﬁﬂnrn#nro)
In the specific instance of a chromophore with strong " "o
resonance enhancement with state at the second (4
harmonic  frequency, Eq. (1) reduces to the
expression Clearly, for systems with real states resonant at both the fun-

165437-2



MOLECULAR AND SURFACE HYPERPOLARIZABILITY . .. PHYSICAL REVIEW B66, 165437 (2002

damental and second harmonic frequendies., if w,o  Ngis the number density of surface chromophores Rpd
=20 andw, (= w), the off-diagonal coherent couplings be- are elements of the Euler rotation matrix relating the molecu-
tween excited states indicated in the summation in @Y. |ar coordinate systertindicated by lowercase primed lettgrs
become doubly-resonant and are expected to dominate thg the surface coordinate systémdicated by uppercase let-
hyperpolarizability®**~**without the double resonance, the grg. The surfacex and Y axes are identical in SHG mea-
situation is not as obvious. Resonance enhancement with &,rements with a single incident beam and a surface system
strong charge transfer transition such as in donor/accept(?ﬁvariant to rotation about the surface norntiaé., uniaxial
dyes will exhibit a strong transition momept and large with C.,. symmetry. Combining this relation witr,1 the sym-
change in permanent dipol suggesting the hyperpolariz- metry zondition that the right two indices jp ;¢ are inter-

ability will be dominated by diagonal interactions. Certainly, . .
the relatively large second-order nonlinearity of charge—Changeable |?2)SHG I?a_lds _to on_ly f_our_non_zero |r_1dependent
remaining in uniaxial filmgi.e., with one

transfer chromophores has been well established fofl€mMents ofy
decade&”43-46 Although hyperpolarizability contributions Unidueé axis normal to the surfacexzzz, xzxx=Xzvy;
from off-diagonal three-state couplings are routinely muchXxxz:X‘ézx:X.Y.YZ_:Xszv qnd XXYZT XXZYT ~ XYxz™
smaller than the diagonal contributions in organic —Xvzx.  Implicit in Eg. (5) is the assumption that every
chromophore&® these terms cannot be dismissed out of handchromophore is identical for all orientation angles and sur-
and may be significant in some instandesy., for double face concentrations. Although this approximation routinely
resonances Given the prolific use of charge-transfer chro- fails at high surface coveragés.g., from aggregatidfi—>*
mophores in nonlinear optical organic thin films and sinceand/or reorientatiof***°=%% it has been shown to be rea-
discussion of internal coordinates in systems dominated bgonably reliable in a broad variety of submonolayer
coherent three-state off-diagonal couplings has been detaildiims 5115759

in other work®® the following discussion will focus exclu- In the most general case of molecuzy symmetry, all 27
sively on chromophores dominated by diagonal, two-statelements of the molecular hyperpolarizability tensg’
Interactions. may be nonzero, 18 of which are unique in second harmonic

The surface se.cond—org()er nonlinear optical tengdt is generation. Each of the four independent nonzero elements
derived by summing thgg'<’ tensor contributions from all  of (2 present in uniaxially oriented systems can contain

the oriented chromophores at the interface: contributions from up to 18 different uniqué® tensor ele-
ments. Explicit evaluation of Eq5) followed by simplifica-
Xi5%= 2 NgRiRyRx)Bijk - (5) tion yields the following generalized expressions for uniaxial
ijk=x"y'z' systems:
(€0S’ ) B, 41,1 —(SiN? 0.COSO SiN Y COSY) (2 Byryr 21+ 2By rxrzr +2Byrgryr) )

+(Sin? 6 c0S0 COF ) (2Bxrxr o1+ Barxrxr) +(SIM? 0COSOSIN? Y)(2Byryryr+ Byryryr)
_ +<Sin05in ’M(ZBZ’y’z’+:8y’z’z’)_<5in6COS¢>(2ﬁz’x’z’+Bz’z’z’)
Xzzz=Ns +<Sin3 ¢'sin ¢>(2Bx’x’y'+ﬂy’x’x’_zﬂz’y'z’_ﬁy'z’z') [ (63
- <Sm3 o COS‘!’>(2ﬁy’x’y’ + Bx’y’y’ = 2Bz _Bx’z’z’)
+<Siﬂ3 0sin (p)(ﬁy’y’y’_ﬂy’x’x’ _ZBx’x’y’)_<Sin3 6 cos’ ¢>(Bx’x’x’ _Bx’y’y’ _ZBy’x’y’) J

XXXz

( <S|n2 6Cosa)ﬁz’z’z’+<Cosa>(:8x’x’z’+:8y’y’z’) )
—(Sir? 6.cos6 cOS ¢h)(2Byrxr 71+ Barxrxr) —(SINF 0 COSOSINE ) (2Byryrzr+ Baryryr)
+<Sin2 ¢ coso Sin’ﬂcoswxzﬁx’y’z’ +2:8y’x’z’+2Bz’x’y’)+<Sin GCOS'M(By’y’y’ _By’z’z’) + (Bx’x’y'_Bz’y'z’)
:_Ns _<Sin0C05¢>(Bx’x’x’_,8x’z’z’+:3y’x’y’_,32’x’z') Y
+<Sin3 6'sin l/’)(lgy’z’z/ _IBy’x’x’ + 2Bz’y/z’_zlgx'x’y')
_<Sin3 HCOS¢>(ﬁerrZr _ﬂx’y’y’ +2Bxrz _Zﬁy’x’y’)
\ +<Sin3 o sin’ ‘/’>(:8y’x’x’ +:8x’x’y’ _ﬂy’y’y’)_<sm3 0 cos ’p>(ﬂx’y’y’ +:8y’x’y’ = Bxrxrxr) )

(6b)
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( <C056 cos ¢>(Bz’y’y’_ZBX’X’Z’)+<COSQSin2 ‘w(ﬁz’x’x’_zﬂy’y’z’) )
+<CO§ 00052 ¢>(2ﬁx’x’z’+Bz’x’x’)+<00§ 65in2 ¢>(25y'y’z’+ﬁz’y’y’)
+(Sir? 0.COSO) B4, +(SiN 6 COSO SINr COSYY(2Bxryr 0 +2Byrxrzr+2Byrxryr)

1 +<Sin0COS¢>(ZBZ’X’Z’_Bx’y’y’_ﬁx’x’x’)
XZXXZE Ns< +<Sin3 acosw>(23y’x’y’+:8x’y’y’_Z,Bz’x’z'_,Bx’z’z’) ] ) (60
_<Sin0Sin¢'>(2:82’y’z’_By’x’x’_By’y’y’)
- <SII’]3 ¢sin ¢>(2:8x’x’y’ +:3y'x’x’ - 2Bz’y’z’ - :By’z'z’)
+(sin3 0 cos ¢>(,Bx’x'x’ _,Bx’y’y’ _Zﬁy’x’y’)

\ —<SII’13 08”‘? ¢>(By’y’y’_By’x’x’_ZBx’x’y’) J
(COS 0)(Byryrzr = Byrxrz1) +{SI? 0siney coSy) (Byryryr = Barxrxr + Brxrzr = Byryrzr)
=£N +(sin6 cosf sing)(Byryryr + Bzrxr 22— Bxrzr2r = Byrxryr) 60
Xxvz=5 Ns +(sin 6 cos6 cosy) (Bywixr + Baryrzr — Byrzrzr — Brrxryr) '

+<Sin2 6 cos ¢>(:8y’x’z’_:82’x’y')_<5in2 o sin? ¢>(Bx’y’z'_ﬂz’x’y’)

Internal coordinates The relations in Eq(6) will hold 1 (Sir? 0 coS8) B, +(C0OSO) Byryr 4
irrespective of the internal coordinate system of the chro- XXXz=75 N —(Sir? 0 cOSOSIP ¥)(Byraryr +2Byrxrr) |’
mophores used to generate tB€) tensor. Many modeling e e (79

calculations assign coordinate axes along the internal mo-
ments of inertia. In systems of high symmetry, these same 1
internal coordinates often serendipitously correspond to con-  yy ;== NJ(sir? 8 siny cosy)(By/x'z» — Barxrx) -
venient symmetry axes for describing electronic excitations. 2

However, in general, the coordinate systems assigned from (7d)
modeling calculations are not necessarily the simplest to use

in hyperpolarizability calculations in systems of low SYMMe- o rmed with the dominating contributions to the hyperpolar-

try. A more convenient set of internal coordinates is pro-.__, .. - . . . )
. X . . izability arising from resonant interactions with a single ex-
posed, in which the coordinates are referenced with respec . .
Ited state on or near the second harmonic frequency instead

to a single excited state that dominates the hyperpolarlzab|6f the fundamental frequency. In this limiting case, contribu-

ity at a given set of wavelengtHs. : @)
Within the validity of the two-state approximation, the tions to ' from S can be safely neglect¢#a. (2)). If

molecular hyperpolarizability can be constructed from twothe angle betweed and . is defined to bey,, , then u*
vectors inside the molecular frangeand w. It is convenient = |u|sinys, and u” =|u|cosys,. Substitution into Eq(7)
to construct a coordinate system referenced with respect tallows for further simplification of the/®) tensor:

these two vectors such that the intermalaxis is defined to

be parallel to the change in permanent dipdleetween the  xz77%2(C0S’ )cos’ vy, + 2(sir? § cos@ Sir? )sir? v, ,
ground state and the reference excited state and’thgis is (8
defined such that it contains the transition momentsing

thesesu coordinates, all projections qf onto the molecu- XzXx* 2<sin2 00056)0052 You

lary’ axis are zero and all projections éfonto thex’ ory’ . . .

axeys are zero. By redefining thJe coordinates in this mgnner, it —(sir? 6 cosgsin’ y)sirt Yous (8D)
is immediately apparent that g8(®) elements withy indices
must vanish in two-state chromophores. The additional re-

quirement tha#*' =0 limits the number of nonzero indepen-

dent elements of3? to just three;B,/,,1, Byrxxr» and , , ,

. ’ ’ e —(sir? # cos@ sir? y)sir? ys,, , 8¢
Byxrz - Inthe &u coordinate system, the expressions in Eq. { ¥) You 89
(6) reduce to those in Eq7):®

For practical reasons, most SHG investigations are per-

1
Xxxz(Sir? § cosg)cos’ y s, + E(COSH)SiI’Tz You

1 . .
Xxy 2* E(sm2 0 siny cosy)sir? v, . (8d)
Xzzz= NS|.<CO§ 0>Bz’z’z’+<5in2 6 cosé sin? ¢>(BZ'X’X’
+2Byrxr2) s (7a) All phase information in Eq(8) is contained within the
common complex proportionality constant. Simple geomet-

_ ric arguments combined with the relations in E§) allow
—EN (SIN? 6.cOSO) B4 51 +(COSO) Byryr for determination of the anglg;, from experimental mea-
XZXXT 20 —(sir? 0. cosOSit? ) (Byrxrxr +2Bxrxrz) | surements of the relative values of the surfaé¢® tensor

(7b) elements:
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FIG. 1. Visible spectrum and chemical structufiese) of ) (b)
rhodamine 6G (10° M in methano).

tar? y :2:8x’x’z’ _ Axxxz— 4Xzxx )
T Bargry 2Xzxxt Xzzz

An analogous expression far;, can be derived to treat
systems with isolated transitions resonant with the funda-
mental frequency, in which cage, ., and B,,:,» are ap-
proximately equal and opposite:

Bxrxrzr XXXZ™ XZXX
tarf s, = = . (10
T Bypa XxxzT Xzxxt Xzzz -1.5 T r
500 1000 1500
MODELING CALCULATIONS Wavelength (nlﬂ)

Rhodamine 6GR6G) was used as a model chromophore

. . ) - FIG. 2. Real(a) and imaginary(b) components of the three
primarily because of the wealth of theoretical and EXPEhonzero independent elements of B tensor remaining in the

mental work explorlglgsotgoe Ggonl'near optical properties of s, coordinate system, determined from molecular modeling calcu-
rhodamine dye film&->%%-%3\molecular modeling calcula- |ations of rhodamine 6G (solidB,,., , dashee B, , dotted
tions for the rhodamine 6G cation in vacuo were performed-g , , ).

usingHYPERCHEMWwith geometry optimization and electronic
structure calculations performed using the PM3 numerical ) ) )
method. Potential energy calculations confirmed an optimai@ined from molecular modeling. Calculations Bf) were
twist anglea of ~90° (used in all calculations with differ- ~ Performed using Eq3) in two different coordinate systems,
ences in energy of only a few kcal/mol for 55%<115°. first using the coordinates provided by the modeling program
|nspection of the UV-visible Spectrum of R6G in methanol in from the moments of inerti@eret)y referred to as the inertial
Fig. 1 reveals a dominating absorbance~&830 nm. Mo- coordinategIC’s)] then using thes-u coordinates referenced
lecular modeling calculations of R6G in vacuum generatedVith respect to the strong transition at 466 nm. T
different values for the transition energies than those obcoordinates were defined as follows;,=&/|4], yj, =&
served in methanol, but the dominating charge-transfer tranx w/|6X u|, and xj,=yj, xz5,. For all transitions, a
sition at~530 nm in solution can be assigned to the strongdamping parameter df ,,=80 THz was chosen to generate
resonance calculated at 466 rjoorresponding to a theoret- linewidths comparable to those observed in solutier20

ical 2w resonance for a fundamental beam at 932.rdror  nm). The line shapes shown in Figs. 2—6 are for illustrative
incident wavelengths aroundim, measurements have con- purposes only. Berkovic and co-workers have demonstrated
firmed that this single resonant feature dominates the nonlirthe inadequacies of using Lorenzian line shapes to rigorously

ear optical response of rhodamine 8315 describe inhomogeneously broadened Gaussian peaks in
Hyperpolarizability calculations were performed by ex- nonlinear optical measuremerits.
plicit evaluation of Eq.(1) using the vectorsu and 6 ob- In both the inertial andx molecular coordinate systems,
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FIG. 3. Real components of the eighteen nonzero independent FIG. 4. Imaginary components of the eighteen nonzero indepen-
elements of the'? tensor present when using the inertial coordi- dent elements of thgd® tensor present when using the inertial
nate system provided from molecular modeling calculations ofcoordinate system provided from molecular modeling calculations
rhodamine 6G. In (a), solid=g,y, dashee B,y , of rhodamine 6G. The curve labels are identical to those used in
dotted=8,1x. In  (b), solid=pB,y/,, dashee B, y, Fig. 3.
dotted=p8,,:,,. In (), solid=gy,, dashee By,

dotted= B, - In (), solid=py,,, dashee By, ,  Fig. 4, were also performed for the three nonzero unjgfé
dotted=By,,». In  (e), solid=pBy,, dashee By iy, elements remaining after re-expressing the molecular hyper-
dotted=Byr,rys . In (f), solid=By,,, dashee By, polarizability in thes-u coordinate system for the same mol-
dotted= By, . ecule.

Values for they(® tensor elements shown in Fig. 5 were
the '@ surface hyperpolarizability tensor elements were decalculated using the-x coordinate system for rhodamine
termined using the more generalized expressions in(6q. 6G oriented with the’ axis tilted at an anglé,;, equal to the
by summing the complex diagonal contributions from all SHG magic angle of 39.2¢the result obtained for a broad
transitions with non-negligible oscillator strengtfi®., from  distribution in orientation anglé¥®*and the twist angles,

the trace of thegi’}'” matrix). Although the expressions in Eq. equal to 0°. This particular choice of;, generates a zero
(7) should be valid for evaluating'® in the & coordinate ~ value for the chiral tensor elemegkyz in Eq. (7d), consis-

system in the spectral region around the dominating resdent with experimental expectations for an achiral surface
nance(fundamental wavelength 6£932 nm, the more rig- film. Additionally, use of an apparent polar orientation angle

orous general expressions in E&) were used to include approximately equal to the SHG magic angle ang equal
contributions from higher-energy resonances. to 0° is consistent with previous experimental SHG polariza-
tion measurements of R6G at air/glass interf4é4&52

To calculate the values of the same fodf) tensor ele-
ments using the inertial coordinates, the appropriate angles

Theoretical values of all 18 nonzeg$? tensor elements for 6,c and,c were first determined. The new molecutgr
present for SHG measurements are shown in Figgeal andx’ axes were expressed with respect to the surface coor-
componentsand 3(imaginary componentscalculated for dinates by first transforming them into theu coordinate
rhodamine 6G using the inertial coordinates assigned fronsystem, and then by transforming them further with the ap-
the modeling calculations. Analogous calculations, shown irpropriate Euler rotation matrix. This generalized transfor-

RESULTS/DISCUSSION
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FIG. 6. Real(a) and imaginary(b) components of the four in-

dependeny® tensor elements present in uniaxial films, calculateddependeny(? tensor elements present in uniaxial films, calculated

for rhodamine 6G oriented with th&axis tilted at the SHG magic
angle of 39.2° and the twist angle of the axis oriented at 0°
(solid= By, , dasheer B,/,/,, dotted=B,,/,+). In the inertial
coordinate system, this orientation correspond®,t=49.0° and

11[/|C: 61.6°.

mation procedure is described mathematically in @d), in

for rhodamine 6G oriented with th& axis tilted at the SHG magic
angle of 39.2° and the twist angle of the axis oriented at 45°
(solid= By/yr,» , dashee B,/,/,, dotted=B,:,/,/). In the inertial

coordinate system, this orientation correspond®,te=72.6° and

hc=44.0°.

The angled,c between the molecula’ axis in the IC coor-

which v’ is an arbitrary vector expressed with respect to thedinate system and the surfaZeaxis was evaluated from the

coordinate system indicated by the subscri[ﬁt%‘,j:f is the
Euler rotation matrix transforming th& « coordinate system

dot productz’ -Z=cosf, and the value fory,c from the
relation X’ -Z= —cosfcsinyic. For 65,=39.2° andis,
=0°, the corresponding angles using the IC coordinates for

to the surface coordinates, af is the Cartesian transfor-
mation matrix relating the inertial and-u coordinates

within the chromophore:

1 _ psurfrdu,
Vsur= R, Tié Vic -

(11)

R6G were 6,c=49.0° and ¢,c=61.6°. A twist angle of
¥s5,=0° (and equivalentlyy,c=61.6°) resulted in a zero-
valued yxvz tensor element. Identical values of the four
unique x(?) tensor elements were generated using both the
inertial and theéu coordinate systems, shown in Fig. 5,
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supporting the validity of the expressions in E(®, (6), and  achiral surfacege.g., fused silicawould be equally likely to
(11) used to evaluat@® and y(?). twist positive vs negative ig. If ¢ is an even function for all

A twist angley equal to 45° in the-u coordinate system tilt anglesé, (cog @sinycosy)=0, xxyz=0, and the result-
was used in Fig. 6 to model the expected surface response ftitd film is achiral. However, the same is not necessarily true
a chiral film. The corresponding angles in the IC coordinatefor achiral (or effectively achiral chromophores positioned
system weref,c=72.6° andy,c=44.0°. Again, both coor- within the framework pf larger chiral structures, arising ei-
dinate systems yielded identical results for & tensor ther from the surface itself or from othgr, chiral parts of the
elements. surface-bound molecules. In these instances, molecular

For a fundamental wavelength of 1064 nm, previous rnod_and/or surface chirality can serve as an orientational template
: : . g irecting asymmetry in.
eling calculations and experimental measurements hav% The results shown in Fig. 6 suggest the possibility of a

demonstrated that the molecular hyperpolarizability Ofstructural origin of surface SHG-CD in a two-state chro-

rhodamine G is dominated by thg8,, tensor mophore that is unique from previous theoretical descrip-
element.>***'These earlier findings are consistent with the ;- by others. Maki and Persoons have developed a model
results shown in Figs. 5 and 6 calculated for an incidentygiem comprised of a single electron constrained to move
wavelength around Lm. In the case of a dominah,..»  along a helical path to describe circular dichroism in SHG.
tensor element, the relatiop,z;= — 2xzxx should hold for | this model system, the magnetic dipole transition moment
the surface tensor elements. By inspection of Figs. 5 and ontributions resulting from the helical electron motion were
and by analysis of the corresponding data, this relation wagund to be comparable to the electric dipole contributions
found to be correct for a fundamental wavelength near 93@rising from subtle phase differences betwegg,, and

nm in both figures. The calculations performed using they,, ,.* Theoretical and experimental nonlinear optical stud-
inertial coordinates were not dominated by B, tensor  jes by Hache, Mesnil, and Schanne-Klein have considered
element for an incident wavelength aroundufin. In fact,  origins of circular dichroism similar to those present in linear
almost all other® elements were greater in magnitude measurementge.g., absorbanggincluding electric dipole,

than B,/ , including the chiral element8, .1y, Bxyr27,  magnetic dipole, and coupled-oscillator contributidhg
and By, . Nevertheless, the coherent summation of allMolecular modeling calculations by Byees al®® consider-
B@ contributions still yielded the same expectgd,,= ing only electric-dipole contributions have predicted nonzero
—2xzxx relation. values of chiral elements of th8® tensors a chiral mol-

Interestingly, nonzero values of the chiral elementsecule using internal coordinates referenced with respect to a
Bxryrz=Bxryrzr s Byrxrz=Byrzrxr s @nd By =By do C, symmetry axis. In most of these previous studies, the
not necessarily generate nonzero values of the chiral surfaahiral response of the isolated chromophore was assumed to
tensor elemenjyyz, and vice versa. In Figs. 3 and 4, the direct the circular dichroism of the surface lay&ts3346566
molecularfy:y.,» and 8, elements in the IC coordinate In contrast, Eq.(7d) predicts an additional purely electric
system were greater in magnitude than eitherghg.,» or  dipole-allowed possibility, in which molecular chirality
B2 22 tensor elements, and yet the combined coherent corserves to drive asymmetric surface packing of the chro-
tributions of all 18 unique nonzer8® tensor elements still mophore. These structural contributions will generally be
led to a negligibleyyy tensor element, shown in Fig. 5. For present for all chiral films and may be sufficient to explain
a molecular hyperpolarizability dominated by electric dipolemany of the results previously attributed to chromophore
interactions with a single excited state, these chiral elemenhirality.
of B® were artifactual in the sense that they could be re- Molecular Orientation In chiral surface systems in which
moved entirely by redefining the internal coordinates. In genthe nonlinear optical response is dominated by two-state in-
eral, chiral information is lost in two-state chromophores byteractions, the methodology presented in this work allows for
the ability to express the nonlinear activity of the chro-€extraction of orientation information unavailable in compa-
mophore entirely within a single internal plane, introducingrable studies of achiral surfaces. Specifically, in the limiting
effective mirror-plane symmetry. case of a narrow orientation distribution an@d Besonance,

Even in the absence of any chiral contributions33’, chiral films produce the four equations in E&) with the
two-state chromophores can still generate films with nonzerdour unknownsé,,, #5,, vs., and the common propor-
values of the chiralyy surface tensor element, as demon-tionality constant. From ratios of the® tensors, it should
strated in Fig. 6 and in agreement with earlier predictibns. be possible to extract information on the polar tilt angle, the
This source of chirality in the(? tensor is purely structural molecular twist angle, and the internal anglg, between
in origin, arising from asymmetry in the twist angjeas the  the transition moment and change in permanent dipole. For
chromophores assemble at the interface. In fact, nonzero vatomparison, SHG studies of achiral films generally yield
ues of yyyz are predicted to be possible even in uniaxialonly a single orientation parameter that is dependent on both

films of achiral chromophores appropriately oriented at thefs, and s, 24
interface®
It is interesting to consider how chiral orientations of CONCLUSIONS

achiral chromophores may arise in thin surface films. Aver-
aged over a sufficiently large area of the surface, achiral A methodology was presented allowing for interpretation
molecules such as rhodamine 6G allowed to assemble aff SHG polarization measurements using any arbitrary mo-
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lecular coordinate system. The validity of this generalizeddoes not necessarily result in nonzero values for the surface
approach was tested in molecular modeling calculations of ,tensor element, and the absence of chiral contributions
rhodamine 6G, in which consistent surfagl) tensor ele- to g2 does not forbid nonzero values for the surfage
ments were obtained using two different internal coordinat@ensor element. Orientational origins of chirality in surface
systems(one provided by molecular modeling calculations SHG measurements are still electric-dipole allowed, even for
and the other using-u coordinates referenced with respect gchiral chromophores such as rhodamine 6G, provided the
to the dominating transitionThe &-u coordinate system was  chromophores assemble with asymmetry in the twist aggle
shown to yield considerable simplification by effectively in- these structural contributions will generally be present for
troducing & mirror-plane symmetry element, reducing they chiral films and may be comparable in magnitude or
number of unique nonzero elgme(rgs of &) tensor from larger than contributions directly dependent on the chro-
18 to three with loss of all .chlra,g elements. Near reso- \oohore chirality. Work is in progress to assess the relative
nance, the number of significait”) elements can be further importance of these structural contributions by performing

reduced to only two. N : .
. . . SHG-CD polarization studies of achiral chromophores ad-
Molecular modeling calculations of rhodamine 6G dem-Sorbed to chiral templated surfaces.

onstrated that the presence of chiral contributionsgt®
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