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The experiment for measuring doubly resonant infrared-visible (IR-vis) sum-frequency generation (SFG) has
recently been developed by Shen and his co-worker and applied to Rhodamine 6G on silica surfaces. In this
paper, based on the Bor®ppenheimer adiabatic approximation, a molecular theory for doubly resonant
IR-vis SFG generation as a two-dimensional surface spectroscopy is presented. We shall show that this new
nonlinear spectroscopy is closely related to IR and resonance Raman spectroscopy. In this preliminary theoretical
derivation, the displaced harmonic potential energy surfaces model for the electronic ground and electronically
excited states of the system are used to obtain the band shape functions for doubly resonant IR-vis SFG at
a finite temperature. One of the unique and powerful abilities of this spectroscopy is that interference effects
among IR-active modes can be observed. The calculated excitation profiles and IR spectra of the doubly
resonant IRUV SFG from Rhodamine 6G on fused silica are demonstrated. We shall show that this new
nonlinear spectroscopy can provide experimentalists with access to microscopic properties of molecules on
surfaces or at interfaces.

1. Introduction As in RRS, doubly resonant (DR) enhancement in SFG occurs
) . ) L only when the probed vibrational and electronic transitions are
Optical signal for second-order nonlinear generation is dipole- coupled. This allows for more selective spectroscopic informa-
forbidden in media with inversion symmetry. However, such ion'and better assignment of the vibrational modes. Moreover,
s!gnals have been generated at_the interfaces of isotropic medigne coupling strengths between electronic and vibrational
since the early days of nonlinear optics.An important  anitions can be deduced. The technique could also be valuable
application of surface nonlinear optical measurements is the fo. gydies of intermolecular interactions at surfaces and
determination of adsorbate spectra via the resonant enhancement o rfaces. However. to extract molecular properties such as
of the second-order nonlinear susceptibijity Early measure-  qential energy surfaces of molecules at surface, a molecular

ments gxploited electronic resonance to record adsorbatetheoryfor doubly resonant IRUV SFG intensity is needed for
electronic spectréd? Recently, the emphasis has been placed multimode systems.

on the application_ of infrared (IR} _visible or UV sum- It should be important to note here that molecular descriptions
frequency generation (SFG) to obtain adsorbate vibrational (or vibronic models) for RRS were developed and applied by

spectré™? The vibrational spectra of a number of adsorbates. any researchet§-42 In particular, the time-correlator approach
have now been reported such as the methyl modes of alkanethio o the Raman polarizability tensor was originally presented by

s_e_lf-a'zssembled_ monolayers_ on géld_;nurgti?r of alcohols on Hizhnyakov and Tehver. Later, transform technique was de-
S|I|ca,.llLangmu_|r—_Blodgett f|1|2mS on silica®**methoxy on Ni veloped based on the time-correlator approach for systems
(111); acgtonltrlle on Zr@:= etc. (see, e:g., ref 13). obeying the so-called standard assumptions (or the simplest
As mentioned above, second-harmonic and sum-frequencyy;ipronic model): (1) the adiabatic and Condon approximations,
generation (SHG/SFG) have recently found a wide rage of () 3 single electronic exited state, (3) the harmonic approxima-
applications as probes in surface science due to their intrinsictjon for the vibrations, (4) linear electron-vibration coupling
surface and interface sensitivity and specificity:® (displaced harmonic potential surface model), and (5) a constant
It is possible to have botyr and wyis tunable in SFG for  damping in each of the vibrational levels of the electronic
two-dimensional surface spectroscépyVith wir andwyis near excited staté®22 Transform methods were subsequently ex-
surface vibrational and electronic transitions, respectively, SFG tended by Page and co-workers to systems beyond these
could be doubly resonantly enhanced. In this respect, it is similar assumptions; for example, harmonic potential surfaces can be
to resonant Raman spectroscopy (RRS), which is known for its not only displaced but also distor&nd/or rotated (Duschin-
powerful applications in condensed matter physics, chemistry, sky effect)® i.e., the normal-mode frequencies change upon
and biology; however, SFG has the additional advantage of electronic excitation as a result of quadratic electron-vibration
being surface specific and applicable to fluorescent molecules. coupling. Another extension was to non-Condon active métes.
Additional extensions of the transform technique included effects

*Part of the special issue “Noboru Mataga Festschrift”. of inhomogeneous broadenif,nonadiabatic correctior?,

+ Corresponding author. anharmonicity?® and formal temperature averaje!

* National Taiwan University. . .

§ Academia Sinica. One major advantage of the transform technique allows one
' University of California. to calculate a RR profile of a Raman-active mode from the
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or B or Wy In eq 2, for examplehiwmg = A(wm — wg) = Em — Eg, 0gy(T)

is the initial population distribution functiot,nq represents the

| gv’> dephasing rate constant, angl(a) denotes thex-component

> transition moment. In this section, we shall derive theoretical
expressions for second-order susceptibility of-lRV(vis) and

UV(vis)-IR SFG in terms of a molecular description. For this

purpose, we shall employ the Boer@ppenheimer adiabatic

Figure 1. A schematic representation of doubly resonant W/ and app_roximation and the harmonic potential surfaces for the

UV—IR SFG. excited and ground electronic states.

It should be noted that the terop,{T) in eq 2 is often ignored

measured absorption line shape using the model parameters ofcr the case of doubly resonant excitations and recast the dummy
only this active mode while the information on the remaining indices, for exampleg, andm to m andg in eq 2. For the
inactive modes can be included via the use of the measured!R—UV(vis) SFG in a molecular descriptionmn{T) cannot be
absorption. In this fashion, many of the complications which ignored. Herein, for simplicity we will omit notation of (vis),
appear when dealing with molecular transitions within the full that is, simply using IRUV SFG.
adiabatic approximation can be bypas3&d. 2.1. IR-UV SFG_. In the adigbatic approximation, HRUV
Recent development of ab initio molecular orbital calculation SFG can be described by notigg-g{ s}, m—g{v}, k—e{u}
methods has made it possible to provide potential surfacein €d 2, whereg ande denote the electronic states while}
properties of various molecules at a specific calculation level. @nd {u} represent the vibrational states. Figure 1 shows a
Thus, information about part of inactive mode space can be Schematic representation of RV and UV—IR SFG. For the
made available, especially for high-frequency intramolecular IR—UV case, settings; = wir andwy = wyy, we find
modes. This allows one to extract “pure” information on low-

. ; _ 1
frequency modes resulting from both intramolecular modes and X(Z)(lR UV)(wIR + wyy) = f?g;{ogyygy('l‘) - agy,ygU,(T)} X

i® Y v |

|8V

~|gv)

IR-UV case UV-IR case

environmental modes, which, in turn, provide molecular dynam- oby
ics and/or ab initio developers with useful information for their s o (B)
challenging tasks to construct these low-frequency modes .9 %
theoretically. In this case, a full vibronic description of inactive (0r — ©gra) il ]
modes is still meaningful. R Tl 9v.9v
A main purpose of this paper is to provide a theoretical P‘gu,eu(a)/‘eugu()’) 3)
treatment for SFG with the doubly resonant case, i.e., IR-vis or g[(wm + wyy — weugv) + ireu,gv]

UV. We shall also show how to apply the Ber@ppenheimer
(B—0) adiabatic approximation to obtain the expressions for
the doubly resonant SFG for molecular systems. In this case
as has been discussed above, we will apply th@Badiabatic
approximation to all the possible vibrational modes. It will be sponds to the band-shape function of the RR excitation pro-
shown that the recasting method cannot be applied to Obt‘:“‘mfile.‘”'48 Equation 3 shows that the selection rule for this-IR
the general expressiop OHR.N SF.G susceptibility* We shall UV SFG is that the vibrational mode should be both IR active
also perform numerical simulation for model systems. In o, he resonance Raman active. (i.e., usually totally symmetric).

particular, we will focus on how potential energy surface Here. for exampleua (o) in eq 3 can be written as
properties affect doubly resonantHRV or vis SFG spectra. ' Pleuguda) q

We will demonstrate how to theoretically construct doubly Uy o(0) = O |1 @)| O] 4)
resonant IR-vis SFG spectra of Rhd6G on fused silica; we shall el wree eu

present the IR spectra and excitation profiles of doubly resonantyhere O, and O, denote the vibrational wave function for
IR-vis SFG signal of this system. the normal modes. In this case, we have

As can be seen from eq 3, this type of SFG case is very
'similar to resonance Raman (RR) scattering. The square of the
last term (involving the summation ovéu}) in eq 3 corre-

2. General Theory N N

GQU(Q) = | ngi(Qi) and@eLKQ') = | Xeq(Qi')

We shall consider a model system shown in Figure 1. In
Figure 1,9, m, k denote the initial, intermediate, final state
manifolds, andv;, ) represent the frequencies of the two lasers where, for exampley,, (Q) is the vibrational wave function
used in SFG experiments. for the moda of the electronically excited stagsand it is given

According to the definition of the second-order SFG suscep- by
tibility %), (1 + on), i.e., ,

2ey(@Q) = NyH, (Yo hQ)e " /(2h) ()
P(Z)((Ul + ) = ; X(Z) (o) + 0))Egp(0)Ey () (1)
’ Z “or v ! Here Hu,(«/wi/th') represents the Hermite polynomials.

We assume that the Condon approximatfaran be applied

we find, for the doubly resonant ca&e?® to eq 4. It follows that
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N

Hguel @) = tgd @) O, |Og [F= 1yd) I_j Ry, 2%eyl (6) GV =g" e rl gt v (10)
=
whereugda) represents the electronic transition moment and .R uv - oty — nee —
BlgulxeyOdenotes the FranekCondon overlap integral. The non- tn= (1 ) expl=S{ (1+2n) —ne
Condon effects can be included as in the case of resonant Raman (1+ n|)e7't’”'}] (11)

scattering. Fopg, g.(8), we expandigg(B) with respect to the
normal coordinat€) (for all IR active modes) to the first order

. and
and find, forv = ¢/,

g™ () = exp[-S{(1 + 2n) — ne" — (1 + n)e "}

/ugu’,gy(ﬁ) = IZBgu’ng(ﬁN@guD (12)
IR—active] ),
_ et g Note thatS(= w,d?/2h) is the coupling constant (or Huang
[O,,1Q0y,0 | e
o Rhys factor), andh = 1/(gh@ksT — 1).
2.2. UV—IR SFG. In a similar manner, an expression for
IR—activef g () N UV—IR SFG can be derived. Using the adiabatic approximation
= Z D |QlxgH |90, a, (7) g— gv, m— ey k — ed and noticing thateyeT) = 0, we
Qo I obtain

wheredgy, g, represents the Kronecker-delta function. Substitut- ) yy_ir) 1
ing egs 6 and 7 into eq 3 and introducing the effective vibrational X«sy (g +oyy) = _22 z Zassxucxu(-D x
dephasing rate constai, for the IR active modd of the h™ "

electronic ground statg and definingley as the effective Hagveu(@teug(Bltey oY)
electronic dephasing rate constant, we find a molecular expres- . .
sion for the second-order susceptibility ofHRIV SFG as (for [(wyy = Weyg,) T Teygll(@r + Oyy = Geyg) T Tyl
the detailed derivation, see Appendix A) (13)
1 'R—active AD, (g, T) It follows that (see Appendix B for the detailed derivation)
(2)(IR-UV) _
Xopy (0 +wy) =— —— (8A) .
h2 [(wIR — wl) + |1"g|] UV_IR) 1IR—act|ve
Xopy (wg T oyy) = _2 Z BF(wgrwyy.T) (14)
where h
where B; = ugda)ued5)(duedy)/0Q)o and Fi(wr,wuy,T) are
aﬂgg(ﬁ) given by
A = g Witey) )

0
FlogroyyT) = Zzzogy,gu X
and v} {up{u’

|®euDEDeu|QI|® e eu|® 0

Di(wg,wyy,T) = X X
gu |QI|® DED |®euDKBeu|® [(wUV - weu.gu) + Ireu,gu][(wlR + Wyy — weu,gy) + Ireu,gy]
Adg, g, (8B) 15A
E(ZZ T (g + wyy — eugy)+|r (154)
or
HereAoy, g = Ogvgv — Ogv,gv- FrOm eq 8A, we can see that to 1
calculatey 2" "(wir + wuy) it is essential to evaluaty;- ForouyT) = Tj(’)“’ dt, explty{i(weg — wyy) + Fegt] X
(wir,wuv,T), which involves two potential surfaces, i.e., the I
potentia_l surfaces_ of the ground electronic state and excited :_Lf°° dt, exp[—t,{ i(a’eg — R — o) +
electronic state. It is commonly assumed that these two surfaces 170
are harmonic. In this case, these two surfaces may be displaced Foo+ TG Rty t,T) (15B)

but not distorted, or distorted but not displaced, or both displaced

and distorted; these two surfaces may even be rotated andandl’y denotes the effective vibrational dephasing rate constant
displaced (Duschinsky effect). In this preliminary work, we shall for the IR active modé of the electronically excited state
consider only the case in which the two surfaces are only HereGUV R(t,t,,T) in eq 15B is given by

displaced but not distorted or rotated. For the displaced oscillator

case,Di(wr,wuyv,T) in eq 8A or eq 8B can be expressed as

(Append|x A) Gluv IR(t11t21T) gUV IR(t]_ltZlT)l_l UV IR(tlltZIT) (16)
1 e .
Di(wg,wyy,T) = Tﬁ) dt exp[~t{i(weg — 0 — wyy) + whereg”’ ~R(ty,t2,T) and g™’ R(tyt2,T) are given by
eg}]GIR UV(t T (9) uv 'R(tl,tZ,T) — exp[—S,{ 1+ 2n_) _ n_ei(t1+tz)wj _

where 1+ n)e 9] (17)
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and where

Niow

= ;Swi (26)

UV lR(tl,tz,T) dE{l + n(1 I(11+tz)w|)}e |tzw|

exp[-§{(2n + 1) — (L + n)e T — ey (18)

2.3. Inhomogeneity Effect. For the case in which the
electronic transition energy is inhomogeneously distributed over Niow
the systems at various positions, the average over such inho- (o)M= ZZS(l + 2n)(w;)? (27)
mogeneity should be taken. We assume that the distribution =
function is given by a Gaussian form with the average value

and

wegand its deviatiord. In this case, taking average ovesgin
eq 8A with the Gaussian distribution function yields

1 'R zctive Ay (@, 0y, T
@(Z)UR Mg + op)=— =
h? [(wg — @) +iTy]
19)

where

o 0
D\(@g,@yy, = %j;, dt exf{_ % ~Hi(0gg — 0g —

wyy) + feg}]G:R‘“V(t,n (20)
For the UV-IR case, we notice from eq 14 that

IR—active

@%)(/UV_IR)(wlR =+ Q)UV)DZ ; Z Bltﬂzl(wlR'wUV’T)D (21)

where

IZH:(wlR,wUV,T)D=( ) S5 dty [ dt, ex p[—

exp—t{i(@ey — wyy) + Feg}] exp[~t{i(@eg— wr —
wyy) feg + I:e|}]G|U\/7|R(t11tzv-r) (22)

{(t, + )0} 2]
4

2.4. High-Temperature Limit for Low-Frequency Modes
of IR Nonactive Modes. For the case in whicliw, > kgT,
hw; > kT andhw; < kgT, G¥ YY(1,T) in eq 10 becomes

Niow

GIR UV(tT O) gIR UV(t T) (23)

1=

IR UV(t T)

where

Nhlgh

GR Wi T=0)=gr WtT= O)I—’ gRWT=0)=

—d
e expl-§(1 - e ) ¢
Nhigh

expl- Y S(1— ") (24)
; §

Applying the short time approximation @~ "V(t,T) in eq 23

leads to
Now {toi(T)}
”g‘R N E exp[—iu; - szl (25)

Note that the summations in eqs 26 and 27 are taken iover
excludingi = I. It follows that

{tA (T}
4

Dy (g, 0= 5 dt exp[— — {i(@eg+ A —

wr — 0y) feg}] GRWYtT=0) (28)
where

AXT) = 6"+ {o|(T)}? (29)

In similar fashion, we find

|(°U|R’wuv-T)D=( ) ,/; dt1ﬁ) dt, x

exp[_ (€ + 190} ] o)+

exp[—t,{ i(@eg -
IF;eg}] eXp[_tz{ i(a)eg — WR

[ TG Rty t,T) (30)

—wyy) T

It should be noted here that in the displaced harmonic
potential surface model and for the case in which when>>
ksT holds, 4| is exactly the same as the half of the so-called
Stokes shift of the absorption and florescence spectra (see
Appendix C). In this case, the broadening fac{téi(‘l’)}2 ineq
29 is equal to

Niow

{3((MY* =3 2S(1+ 2n)(w)* = "M

where the definition oH%(T) is given in Appendix C.

3. Results and Discussion

3.1. One-Mode SystemTo show the simplest application
of our molecular description of the doubly resonant SFG, we
shall first consider the single IR active mode casel at 0
without inhomogeneous effect. From eqgs 8A and 11 and using

o S1e—itnw|

explse =3

n!
we obtain, for the IR UV case
(2)(IR7UV)(w +wy) = AI d| oS |:)|(°U|R7wuv)~
afy IR uv hZ 2 (0r — o)+ irgl]
(31)
where
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_ ° g 1 _ Ne
Dy(wy,0,) = ZJ_ e Flloroyy) = |_| ZO_ X
= [(og + oyy — weg— Nw)) + 1T i A=on!
1
— (32) 1
Hog+ oy — Weg— 1+ nw} + IFeg] _
N
For the UV-IR case, we find [(wyy = weg— My — Zniwi) T il
[E3
1
2V + oyy) = B 9se (@r®yy)  (33) N
p IR uv | IR"™ UV o~ ~
o h* 2 Hogr t oy — Wegt 1+ o+ nw} + I(Feg+ Il
1=
where @
It is obvious from eqgs 35 and 37 that the contribution of UV

_ =g 1 IR SFG to the observed SFG signal is much smaller than that
Flogrwyy) = o —~ X of IR—UV SFG (the ratio is approximately given lyy/Tey).

=N [(0yy — Weg— Nay) + il We have so far considered the doubly resonance case only.

1 (34) Order estimations of ratios of the nonresonance cases to the

IR—UV doubly resonance case are considered in Appendix D.
For example, we find that for two mixed resonant/nonresonant
cases their intensity ratios can be approximately giverd gy

3.2. Multimode System.To see the interference effect of @i andI'g/wy; thus even for these two cases, the contributions
the multi IR active mode, we shall consider a model system can be ignored when comparing them with the doubly resonant
consisting of several IR active modes and several IR inactive €aS€.
modes (the number of the total modesNjsat T = 0 without 3.3. Numerical Simulation. 3.3.1. Model SystemsTo
inhomogeneous effect. In this case, we obtain understand some of the basic properties of doubly resonant IR-
vis SFG spectra, we shall discuss a model system consisting of
a single IR mode. In this case, we can use eqs 31 and 33 for

[{wIR + Wyy — weg - (1 + n)wl} + i(feg—l_ I~ﬂel)]

(2)(IR-UV) _
opy (R + oyy) = B simulation. In this paper, for example, circular frequeney [
IR—active/ g D\(wr.®yuy) = s 1 can be transformed into wavenumber units@fic] =
- —— S — (35) cm 1 wherec denotes the velocity of light. Hereafter, we simply
22 [(og =) +ily] denotew;, T, Aj, etc. as parameters thus-transformed into

wavenumber units. We now choose parameters as follows;
= 18500 cnr?, Teg= 100 cnl, @) = 1654 cn?, Ty = Tey =
8 cnrt,
, Figure 2 shows doubly resonant IR-vis SFG spectra as a
_ N oo § function of the wavelength of the visible laser and the wave-
D(wr,0yy) = rl Z)_' X number of the IR laser. In Figure 2, three-dimension spectra of
i=1n=0N; the model system are shown with several HuaRyys factors,
i.e.,,$S=0.01, 0.1, 0.2, 0.5, and 1.0. Equation 31 implies that if
1 the broadening effect is very small, two peaks will appear in
— the excitation profiles for the case in which tBevalues are
N 5 less than 0.1. This implies that even in such a small coupling
[(wg + 0yy — Weg— Ny — Zniwi) + il case, the excitation profile of IR-vis SFG becomes broader than
5 the absorption spectrum.
1 (36) Figure 2 also shows that when tBevalues are larger than
N 0.2, the SFG spectra exhibit multiple peaks toward the shorter
[(wg + oy = weg— L+ M), — Zniwi) + ifeg;l \_Navelength region of thé,;s axis. It should be noted h_ere that
= in the case o5 = 1.0, only three peaks can be seen instead of
four peaks as shown in tif#= 0.5 case. This is simply due to
the fact that forlS= 1.0, the Franck Condon overlap integral
contributions of the transition o6 = 0 to u = 1 and the
transitiony = 0 andu = 0 cancel each other (see eq 32).
To see more details of thigis dependence, Figure 3 presents
the calculated excitation profiles of IR-vis SFG @k = w;.

whereS = ZiN:1 S and, for example,

From egs 35 it is obvious for multi-IR active mode systems
due to the summation ovda,rxfgy depends on the sign @fd,

of each IR active mode. This is important when the contributions
of these vibrational modes overlap.

For the UV-IR case, we find Figure 3 clearly shows that if tvalues are less than 0.1, the
intensity of the second peak at the shorter wavelength becomes
DWV_IR) IR — activeB; g e larger than that at the-€0 transition.
oy (T oyy) = 25t Fi@row) B7) The calculated IR spectra of SFGa@is = wegare shown in
h Figure 4. Notably, the IR intensity witB = 0.2 is almost the

same as that wit = 1.0. This is due to the rather exceptional
where behavior of the FranckCondon overlap integral wit8 = 1.0.
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S =0.01 S =0.1

SFG intensity (a.u.)
SFG intensity (a.u.)

$=0.2 $=0.5 S$=1.0

SFG intensity (au)
SFG intensity (a.u)
SFG intensity (a.u.)

Avis / nm

Figure 2. The calculated three-dimensional spectra of-lR/ SFG for a single IR-active mode system.

S=0.01
5e-9 - —
S5
s
2
2
0 2
$=0.10 £
5e-8 | o
© &
S 0 1550 1600 1650 1700 1750
s $=0.20 o/ cm’
'E’ 5e-8 1 Figure 4. The calculated IR spectra of SFG intensityaats = weg
2 The calculation is performed for the model used in Figure 2.
(o}
&= 0 VS =050 IR-vis SFG spectra. We set the vibrational frequenciges=
e 1514 cml, wp = 1575 e, wg = 1617 cn?, wy = 1654
7e-8 cm-1, the vibrational dephasing rate constaigs= I'py = I'3
= 8.0 cmtandl'y = 10.0 cn?, and the HuangRhys factors
S = 0.0018,S, = 0.01, S5 = 0.00035, ands; = 0.05. The
0 - remaining parameters are the same as those used in Figure 2.
$=1.00 We now refer, for example, mppp as a set of the sigri{stpf
5e-8 - x d} for the four modes
{sign(A,dy) = —sign,d,) = +,sign@gdy) =
0 +,sign@d,) = +}
450 500 550 600 650 700
Ay / nm

Here, for simplicity, we fix the values di\| as 4.5, 0.8, 7.5,
1.5 (forl =1, 2, 3, 4). We first consider only one mode having
a different sign. In this case, we have four cases, i.e., mppp,

pmpp, ppmp, and pppm. Figure 5a presents the calculated
Let us next consider a model system comprising four IR- results. One can see that two IR peaks can be significantly

active modes. In this case, as mentioned in the previous sectionpverlapped. The arrows indicate the most obvious interference
the sign ofA, x d, in eq 35 should lead to important effects on  effects. Since the IR peaksai = 1514 cnt! andw, = 1575

Figure 3. The calculated excitation profiles of SFG intensitycak
= w. The calculation is performed for the model used in Figure 2.
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(a) system, we shall use the same parameters as those used in Figure
4 plus the following additional one IR inactive modej, =

1300 cn1?, T, = 8.0 entl, S, = 0.1106. Here thev;, mode

is adopted from a previous study of RhdéGWe also set

effective inhomogeneity as\(T) = 4/0*+{6,(T)}*> = 800
cm™1 for the four modes. These values, the ones for the four
4e-g | MPPP IR active modes, andeg are determined so that the calculated
absorption spectrum, the calculated SFG excitation profiles, and
the calculated SFG IR spectra can best capture the characteristics
i of the observed ones. It should be noted that these values may
] pmpp be altered depending on more precise experimental observation
4e-8 or more data at various,is andwr. The relative values oy
can be deduced from an IR absorption measurement of Rh6G
dissolved in solid KBr. The deduced values g&g = 4.5, |Ay|
= 0.8, |As| = 7.5, and|A4| = 1.5.
ppmp In Figure 6a, the SFG signalsAats = 495, 532, and 586 nm
are calculated as a function efir. For comparison, we also
show the observed spectra in the right-hand side of Figure 6a.
For the observed spectra, as the wavelength of the visible laser
0 - becomes longer, the intensity of the SFG signal increases. A
4e-.8 { PPPM similar feature can be seen in the calculated spectra. We also
simulate the excitation profiles of the SFG signal. The results
are shown in Figure 6b. For reference, the observed excitation
profiles are also shown in the lower panel of Figure 6b. In both
k panels, the solid lines denote the corresponding absorption
1500 1550 1600 1650 1700 1750 spectrum. From Figure 6b, a similar IR wavenumber dependence
W/ cm” can be seen in both the calculated and observed excitation
(b) profiles. It is important to note that inclusion of thg, = 1300
46-8 | PPMM=mmpp cm! mode is very important to reproduce characteristics of
the observed absorption spectra in the shorter wavelength region.

4e-8 i PPPP

%

SFG intensity (a.u.)
o o
«—
P

4e-8 -

o]

4, Conclusion

u.)

0 We have presented a molecular description of R/ and
4e-8 | PMPM=MPMP UV—IR SFG signals based on the use of the adiabatic
approximation. In this preliminary study, we have used the
displaced harmonic potential energy surfaces model for the
| electronic ground and electronically excited states of the system.
4e-g | PMMP=mppm By applying the Slater sum and the contour integral, we have
obtained the nuclear correlation functions for both IR-active and
I inactive modes at a finite temperature. We have found that the
so-called recasting method cannot be applied to a molecular
o A system at a finite temperature. The final form of the resulting
1500 1550 1600 1650 1700 1750 expression has been presented in terms of the summation over
IR-active modes. In this representation, it is obvious that for
the case in which a molecular system consists of several IR-
Figure 5. The calculated interference effects of IR spectra of SFG active moqes' the interference effect§ among the$e modes should
intensity for a four-IR active mode system. The calculations are carried P€ taken into account. Our theoretical expression of U¥
out for (a) one of the four signs is different, and (b) two of the four are SFG implies that given a precise value (including its sign) of
different. the first derivative of the permanent dipole moment of the IR-
active mode, the relative direction of the displacement of the
cm! are the most separated from the next neighbor ones, wepotential energy surfaces can be determined or vice-versa.
cannot see any significant interference effects in the mppp case Therefore, doubly resonant tRJV SFG has a powerful ability
One can also consider the case in which two of the four signs to determine microscopic properties of molecules on surfaces
are the same. In this case, six cases can be investigated. Ther at interfaces.
calculated results are shown in Figure 5b. From this calculation, As an application, we have shown how to reconstruct the
we find that only three possibilities are relevant in this case. excitation profiles and IR spectra of the doubly resonant IR
The most obvious interference effect is again shown by the UV SFG for Rhd6G on fused silica. Using the determined
arrow in each panel. physical parameters, we can reproduce the characteristics of the
3.3.2. Rhodamine 6@Ve are now in a position to apply the  observed SFG results and absorption spectra. We can also
formulas presented in section 3 to investigate IR-vis doubly construct fluorescence spectra.
resonant SFG spectra of Rhodamine 6G (Rhd6G) adsorbed on In summary, in this paper, we have shown that the new
fused silica. This system has been well studied in the3F4st? doubly resonant IR-vis SFG is closely related to IR spectra and
For the purpose of illustration, IR-vis doubly resonant SFG resonance Raman (RR) spectra in the sense that the active
spectra will be calculated in this paper. Notice that for this vibrational modes in this new nonlinear spectroscopy should

SFG intensity (a.

1
W /cm
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Figure 6. The calculated SFG intensity of Rhd6G. The calculations are performed for (a) IR spectra and (b) excitation profiles. The observed data
are shown in each panel. The calculated and observed absorption spectra are also superimposed in panel (b).

be both IR active and RR active. A distinct advantage of this N
nonlinear spectroscopy is that unlike RRS, it can be applied to Ogu,gu(T) - Ogv’,gu’(T) = ogz/|(T)(|_|0gz/j(T))[l -
fluorescent molecules, so one can expect that it will soon = N
become a very powerful spectroscopy. (y— (' — Vo
yp p py e U|)hw|/kBT(|—le (UJ Uj)hwj/kBT)] (A1)
]z
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From eq 3, we find

90-2113-M-002-024). 1=

. . . . . _ oW u)ho/kgT, —(Vj—vj)hwjlkgT:
Appendix A. Detailed Derivation of Equation 8A [1-e (”e P X
We I’eca” that O’gp‘(T)@gy"lQl|Xgu‘mgz/l|Xeqmeq|%gz/’|D
N N *
_ og— (v —v)— F— U} F il ey e
agl’ng(T) - 09U|(T)|_l0gUJ(T) { IR (UI UI) Z(UJ UJ)} Uy QY g ey
1= N
(| 196, (MBg, ks Wiy X g By )
where, for example, |,:|| * A e M

N
— (v +1/12%w/ksT .
g LNl {or + oy — 0= (U — ), — Z(Uj — oo} Hileyyuy gopipd
f

0, (T) = -
ze—(U|+1/2)‘Lw|/kBT (A2)
o We shall, for simplicity, assume that the vibrational quantum
number dependence of dephasing rate constants can be ignored,

It follows that i.e., Fgyrign ~ fg| and Ley-yuygor-o-on = feg. In this case,
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using the formula

X =

= fow dte ™

we find

2)(IR-UV! _
Xfx/;;(/ )(wIR +oyy) =

1 IR — active

LD( T (A3)
h2 Z (g — o) +iL “RGov

where

1 o .
D\(wg.wyy.T) = Tj(; dtexp[~{i{weg— wg —wyy} +

T g1GT V(T (Ada)
GIR Uv(t T) gIR UV(t T) I—l gIR UV(t T) (A4b)

IR UV(t T) _ (1 _th/kBT x

1+ yh
z Zggyl(T) —qu‘ |Xeq Weq |Xgu|+1[|x
u o 2(U|
e—t[ia)\{ (u+1/2)—(y+1/2)}] (A4C)
and
|R UV(t T) z Zo_gy (T) | @gu |Xeq|:ﬂ2 e—t io{ (u+1/2)—(y+1/2)}]

(A4d)

Since eq A4d is a well-known function, let us only consider eq

A4b. Equation A4b can be rewritten as

IR UV(t T) _

h /kgTs +1/2
(1= e N3 0, (e

2U|+1 | f '/‘
dQ, dQ, x Hg, (o /AQ)H,, +1(4/wI/th)e*(wMZﬁ)(Q|2+Q|2) y
—It(U|(U|+l/2)

———Ho (o hQ)H (o Qe O

(AS)

”' x/_ 2!

Applying the Slater sufi to eq A5, we obtain

gR (T =
2U|+1 ' f f
dQ| dQ| X Hgyl(v (,U|/hQ|)HgUH1(Q/a)l/th)e_(wI/Zﬁ)(le+Q|2) %

1 o, - H
——exg— | (Q + Q)" tanh—+
A/ 2rsinhy, ah 2

(l ha)|/kBT zOgUI(T)eul (n+1/2)

_ u
Q- Q) cotrg'] (A6)
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whereu = itw;. Using the complex integral form of Hermite
polynomials, eq A6 can be rewritten as

IR UV(t T) _

Y g

(1 hwl/kBT)Z ; (-l-)eu|(l/|+l/2)

y! (y +1)!
dQ, dQ| x (= 1)_
e—le 221(a)\/h)1’2Q| e—Zzz 222(a)|/h)1’2Q|

f d22 X
le)\ +1 ZZZ}| +2

20|+l |

§ dz,

w —_ —_
exp[— ;{ Q+Q¥+(Q— Ql)"‘}l x

1 ) - U
= exg——{(Q + Q) tanh—+
V27 sinhyg ah 2

(A7)

_ u
Q- Q) cothz'}

whereQ| = Q + d. Noticing thatog,(T) = (2sinhhw/2kgT)-
e~ (tl2holksT and definingk = Q + Q andy = Q — Q, in eq
A7, we find

IR UV(t T) _

N o lh
(1 7hw|/kBT)zo,gyl(-r)elt|(v|+l/2) ; X

U
(—=1) (» + 1) g’ g%
— fd Z exp —
271 27

w
4;1(tanh )4dx—./wl/h(zl+zz)x] [ dyexd -

;U—FIL 1+ cothg)y2 — Vo lhZ, — Z,)y| (A8)

Performing the integrals overandy and then performing the
complex integral ovel, yields

1 — g hokeTy ho kT
|R UV(t T) ZSInh e—ﬁan/kBT X
2wk
*ﬁw|/kBTeu| 2 (_1

expl-S(1— e )] —f dz;

27

le/|+1
exply w/hd(1 — e )z, {2e7Z, +
Johdd— e}t (A9)

Using 3., A" = 1/(1 — A) and applying the Cauchy integral
theorem to eq A9 leads to
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g~ Mem = —(1 — ") exp[-S{(1+2n) —
€' — (14 n)e "] (A10)
wheren, = 1/(g'@/ksT — 1).

It is important to note here that if we ignokgy, q,(T) —
0gr.g/(T) in eq AL, g %Y(t,T) then becomes

(A ——(1 e ")(1+ n) exp[-S{(1 +

2n) — ne" — (1+n)e "}] (A11)

Appendix B: Detailed Derivation of Equation 14

Equation 13 can be written in a fashion similar to that used

in Appendix A as

IR — active

Z A\i—j;“’ dt; expl-t{i(wey—

2 _
X((lﬁ)’y(wlR +oyy) = ;

1 o ,
wyy) + Tegd] B 2 dty expl-tf i(weg— wig

Iﬂeg—i_ Iﬂel}]GIUV_IR(tl'tZ'-I-) (Bl)

—wyy) T

where
GV LT =g 'R(tl,tz,nﬂg“v R(tut,T) (B2a)

UV lR(tl,tz,T)

> > (M

u o

(u+21h

T'—_}tgul|Xeq+lmeq|Xgul|$Xp[_i(tl +1t)
[

{(u + 1/2)w, — (v + 12)w}] exp[—itw] (B2b)

and

UV lR(tlatz,T) zzogﬂ('l')ﬂjtgymeq[ﬂz X

v Y

expl-i(t, + (U + 1/2)0; — (v + 1/2Jw}] (B2c)

Since eq B2c is exactly the same as eq A4l i t is referred

to t, here we consider eq B2b. Applying the Slater sum to eq

B2b yields

X

hw) e—.u|(U|+1/2) A/ a)|/(h.717)

g Rt T) = e"zw'(sinh— 2

2KTUT oz sinh, 2"

=DuH(u + 1) e e
¢ dz, 4 dz, x
(an)z ZIUH‘Z ZZUI+1

w
SO 7 dQdQ exp[— —{(Q+ Q)+ (Q - Qf)z}] x
, A B A
ex;{— —{ Q-+ Q) tanh +(Q - Q)? cothg]] x

exp[—2«/w|/h21Q|' — 2\ 0,/hZ,Q] (B3)

whereld; = hwi/ksT — ity + t))wr = hw/keT — . Defining Q
= Q + d, and performing the integrals ov€; andQ leads to
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hw) ~ 5 expl§(1-
2sTIN (w/m)e T 24

UV IR(tl,tz,T)

eit2w|‘u|/2(sinh

(-1 1
e ") —+ dz, exp[—dy/ o /A1 — e ™MZ,] x
2ﬂ| ZZU|+1
(u+1)! 1
—f dz, exp[—dy/ o /A1 — e )z, +
2ﬂ| 21U|+2

2e"7,2] (B4)
Noticing that

(n+1)

de T explz] =¢"

we obtain

sinh
gluvflR(tl t,T) = eitzw(lﬁ.m)/Z(l—ZkT
Jolh

e*")] deZ{Z 47, — dyJo (1 — e ™M)} x

(2)
1/(1 — e*ir,tq) }
d\/?(e o _;“I—/t)} exp[_dh/mu —e /I)Zz]
Z,+ —
(2—2e4

(BS)

Applying the Cauchy integral theorem to eq B5 finally yields

UV IR(tl t2 T) I(t1+t2)w|)} e—lt2w|

exp[-S{(2n + 1) -

{1+n(1

(1 + n|)e i(ti ), ne(11+[2)w|}] (BG)

A similar method can be applied to eq B2c; we find

o) _

g’ R(tut, T) = exp-S{ (1 + 2n) — né

1+ n)e @] (B7)

Appendix C: Absorption and Fluorescence Spectra

It should be important to show the band-shape functions of
the absorption and fluorescence spectra; they are, respectively,

2
Aloyy) = 2Re![(’)co dt exp[— % —

{i(@eg+ 2 — wyy) + Ted G (C1)

F(wyy) = 2Ref;” dt exp[-
t{ i(a)eg o

{tA(M}?
4
A= wy) + T JG(-1) (C2)

where

Niow

A= ZSwi

(C3a)
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Niow
AYT) = 6%+ 6%(T) = 0* + > 2+ 2n)(w;)*> (C3b)
and
Nhigh
G(t) = exp[~ Zs{l e "“}] (C3c)
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Intensity ratios of eqs D2 and D7 to eq D1 can be approximately
given byI'mdwy andI'mgw, respectively. Or applying the-BO
adiabatic approximation, these two ratios can be given by
[g/wy and Tg/w). Thus if only the doubly resonant case is
considered, contributions of these two caseg ﬁ;(w. + wy)1

can be ignored with respect to the doubly resonant case (eq
D1). It is obvious that doubly nonresonant cases can also be
ignored in similar fashion.

From egs C1 and C2, one can see that the so-called StokedReferences and Notes

shift is given by 2 and that using the results 8f(T), @egand
A determined from the doubly resonant IR-vis SFG, we can
reconstruct absorption and fluorescence spectra.

Appendix D: Nonresonant Terms
The second-order susceptibility can be giveriby

o)

Xaﬁy(wl +wy) = ij\zfgy(wl +wy), + Xfxz/gy(@ +wy), +
xfféy(% +wy)s
where, for example,
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29 (1 + on)2 andx$) (o + wi)s can be obtained by — m
andm— k, andg — kandk — g in eqs D}-D8, respectively.
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