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Toward Assessment of Density Functionals for Vibronic
Coupling in Two-Photon Absorption: A Case Study of

4-Nitroaniline

Robert Zalesny,*™®! Guangjun Tian,” Christof Hattig,'” Wojciech Bartkowiak,™

and Hans Agren*®

In this study, we predict vibronic two-photon absorption
(TPA) spectra for 4-nitroaniline in vacuo. The simulations are
performed using density functional theory and the approxi-
mate second-order coupled-cluster singles and doubles
model CC2. Thereby we also demonstrate the possibility of
simulations of vibronic TPA spectra with ab initio wavefunc-
tion methods that include electron correlation for medium-
sized systems. A special focus is put on the geometric deriv-
atives of the second-order transition moment and the dipole

Introduction

As the seminal papers of Champagne and coworkers,"! who
demonstrated the limited applicability of most conventional
functionals in the field of molecular nonlinear optics, several
other research groups have aimed at the assessment of
exchange-correlation functionals in predicting purely electronic
resonant and nonresonant (hyper)polarizabilities.** Some new
functionals were proposed, based on the idea of splitting of
electron repulsion operator into short-range and long-range
parts. These functionals are referred to as long-range corrected
or range-separated functionals and are usually abbreviated as
LC-DFT, LR-DFT, or LRC-DFT. A broad range of chemical sys-
tems has been studied with the aim to analyze the perform-
ance of density functional theory (DFT) and LC-DFT, covering
small to relatively large molecules. Hammond and Kowalski
used four functionals (PBE, PBEO, B3LYP, and CAM-B3LYP) to
study the dipole hyperpolarizability of two small molecules
(CH5CN, CHCl5) and 4-nitroaniline.” These authors reported
that the CAM-B3LYP functional is generally superior to conven-
tional GGA and GGA-hybrid functionals for small molecules
but for 4-nitroaniline it does not deliver more accurate results
than the other used functionals. A performance analysis of LC-
DFT in predicting electric-dipole hyperpolarizabities for an
extensive set encompassing 59 organic molecules in solution
has recently been reported by Lu'® who concluded that
range-separated hybrids deliver more accurate estimates of
the properties in question than global hybrids. These conclu-
sions confirm earlier findings for 82 organic molecules
reported by the same research group.”” Baranowska-
taczkowska et al. investigated several medium-sized organic
n-conjugated molecules in the gas-phase and demonstrated
that, on average, LC functionals improve the predictions of
first and second hyperpolarizabilities relative to global hybrid
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moment difference between the charge-transfer excited state
and the ground state. The results of CC2 calculations bring
new insight into the vibronic coupling mechanism in TPA
spectra of 4-nitroniline and demonstrate that the mixed
term is quite large and that it also exhibits a negative inter-
ference with the Franck-Condon contribution. © 2015 Wiley
Periodicals, Inc.

DOI: 10.1002/jcc.23903

functionals.’”! Some of the molecules studied by Baranowska-
taczkowska appeared to be very problematic even for LC-
DFT.® Likewise, Jacquemin et al. reported that short polyme-
thineimine oligomers are challenging for LC-DFT.”! A possibil-
ity to overcome these difficulties might be a further
reparametrization of the range-separation parameter (). In
fact, such a route has been recently followed by Nénon et al.
U9 These authors made an attempt to analyze the perform-
ance of long-range corrected functionals with a physically
adjusted range-separated parameter for computing the polar-
izability and the second hyperpolarizability of 7n-conjugated
oligomers of increasing size (i.e., polydiacetylene and polybuta-
triene chains). The primary conclusion that emerged from the
latter study is that an adjustment of u offers no advantage
over traditional values (1= 0.33 or 0.47).'” These conclusions
are in line with what has been reported recently by Garrett
et al. for the first hyperpolarizability of 14 organic chromo-
phores." LC-DFT is also a common choice for studies of
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resonant nonlinear optical properties, as for instance two-
photon absorption (TPA).'>"! In particular, it has been
observed that CAM-B3LYP delivers satisfactory estimates of TPA
cross sections (62P*) for organic molecules in solution.!'®!”

As briefly summarized in the preceding paragraph, there are
many benchmarks of (LC)-DFT for electronic hyperpolarizabil-
ities. However, not much is known about the performance of
density functionals in computing geometrical derivatives of
high-order electric-dipole properties. Derivatives of the elec-
tronic dipole moment and the polarizability with respect to
normal modes are necessary to determine infrared and Raman
intensities in vibrational spectroscopy. Geometric derivatives of
higher-order electric properties are necessary to determine
vibrational contributions to static and dynamic vibrational
hyperpolarizabilities. For instance, the determination of the
nuclear relaxation contribution to electric field-induced second
harmonic generation (ESHG) requires (within the infinite opti-
cal frequency approximation) derivatives of the first hyperpo-
larizability with respect to the normal modes. It is somewhat
unfortunate that the assessment of exchange-correlation func-
tionals has been scarcely performed for such derivatives. In a
series of papers, some of the present authors contributed to
this subject by analyzing the predictive power of (LC)-DFT in
computing static vibrational hyperpolarizabilities, including
anharmonic contributions."®' It has been demonstrated for a
series of polymethineimine oligomers that the CAM-B3LYP
functional yields the best overall results in the case of nonre-
sonant vibrational hyperpolarizabilities. For some nonlinear
optical processes, like for instance ESHG, none of the studied
functionals predicts the correct sign of the vibrational contri-
bution for polymethineimine oligomers."” However, it has
been shown for donor-acceptor-substituted azobenzenes that
in the case of vibrational contributions to ESHG the CAM-
B3LYP functional outperforms the B3LYP functional and yields
results much closer to the MP2 reference’® In the present
study, we aim at extending our previous efforts regarding non-
resonant vibrational hyperpolarizabilities and perform an
assessment of density functionals for resonant nonlinear opti-
cal properties. Our focus is on the geometric derivatives of
two-photon transition moments (M, see next section for its
definition). This quantity appears in various models for vibronic
coupling in TPA.['¥120-23] |5 their recent study, Drobizhev et al.
studied the vibronic coupling mechanism in TPA spectra of flu-
orescent proteins.”* The key parameter in the model pro-
posed by these authors is the geometric derivative of the
dipole moment difference (Au) between an excited state and
the ground state. The approximate representation of the two-
photon transition moment by Au proved to be successful in
interpreting experimental data.*” We thus include the geo-
metric derivatives of Ay in the present study. It is fair to men-
tion that the most rigorous treatment of vibrational
contributions to TPA is that by Bishop et al.*?! These authors
demonstrated, based on double perturbation theory, how to
include the electrical and mechanical anharmonicity through
second order in perturbation theory. The method of Bishop
et al. has, however, only been applied to carbon monoxide.
More approximate treatments rely on the lowest-order terms
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in the Herzberg-Teller expansion of the second-order transi-
tion moment with respect to the normal coordinates. A model
that falls into this rubric is known as the linear coupling model
and has been successfully used to simulate the vibrational fine
structure of TPA bands in spectra of medium-sized mole-
cules.”®! This model retains terms up to linear order in the
normal coordinates.

A thorough analysis of the physical grounds of the models
used to analyze vibronic coupling in TPA spectra would go
beyond the scope of the present study. We exclusively focus
on: (i) analysis of vibrational fine structure of band correspond-
ing to two-photon m — n* transition in the spectra of 4-
nitroaniline, (i) comparative assessment of exchange-
correlation functionals in the prediction of vibronic two-
photon spectrum, OMX’ ,/0Q, and O(Au)/0Qx for the normal
coordinates Q. For this we use a new implementation! of
the CC2 method™® for TPA to determine reference values for
4-nitroaniline in vacuo. The molecule in question is a prototyp-
ical donor-m-acceptor system which possesses a low-lying
intramolecular charge transfer state and it is thus a well-suited
testbed for the assessment of density functionals.

Computational Methods

The two key quantities, which are the subject of the present
study, are (i) geometric derivatives of two-photon transition
moments (OMX' /OQx, where Q, denotes the kth normal coor-
dinate of vibration) and (i) geometric derivative of the dipole
moment difference between an excited state and the ground
state (O(Au)/0Q), evaluated at the equilibrium geometry of
the latter. The two-photon transition moments between the

ground state (0| and an excited state (J| is defined as:1”2%
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where ﬁXY is a permutation operator that exchanges the tran-
sition operators X and Y, wy and wy denote the corresponding
frequencies and K labels excited states. Both OMX'/0Qy
and J(Au)/0Qy are evaluated for the transition to the lowest-
lying (m,7*) electronic excited state of 4-nitroaniline which
results in an intramolecular charge transfer. For this transition
the diagonal component of the two-photon transition moment
along the symmetry axis is by far the largest; thus, only geo-
metric derivatives of M? are discussed in this article. In
coupled-cluster response theory, unlike in a symmetric config-
uration interaction like exact-state formulation, M , and M},
are not complex conjugates to each other. This is a result of
the biorthogonal similarity-transformed representation of the
bra and ket states in coupled-cluster theory.?® Thus, to make
a valid comparison between the DFT and CC2 results, we cal-
culate in the latter case /MZ M, OM#Z/0Qc and
O(Ap)/0Qx) derivatives are evaluated numerically by computa-
tions of M* and Ay at a set of displaced geometries followed
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by the transformation to the normal coordinate basis. The sta-
bility of numerical differentiation was controlled with the aid
of the Rutishauser-Romberg algorithm (using the displace-
ments +2"h, where h=0.002 bohr and n=0,1,2,3).* To fur-
ther assess the accuracy of d(Au)/0Q;, the ground-state dipole
moment was differentiated with respect to the geometric dis-
tortions to vyield the infrared intensity. The estimated error
with respect to the intensities computed using analytic deriva-
tives was not larger than 0.01 [Debyez/(AZamu)]. Note that the
same level of theory is used for determining normal coordi-
nates and property derivatives. In this study we also make an
attempt to simulate the vibronic TPA spectrum using the
linear-coupling model.*" For this we use Lorentzian broaden-
ing to obtain the convoluted spectra. All results reported
herein were determined using Dunning’s correlation consistent
basis sets.2°32 The set of studied functionals encompasses
CAM-B3LYRP* B3LYP* BHandHLYP®*' M06, M06-2X, MO6-
HF2%371 pBEQ,1*8391 LC-BLYP™® and wB97X.*"! For computa-
tions with the CAM-B3LYP functional we used o=0.19,
p =0.46, and p=0.33, while in the case of the LC-BLYP func-
tional u = 0.47 was used. Calculations within the density func-
tional theory framework have been performed using the
DALTON™? (M* and its derivatives) and GAUSSIAN 09 suite of
programs®>' (Au and its derivatives). All CC2 results were
obtained adopting the resolution-of-identity (RI) approximation
with the aid of a development version of the TURBOMOLE pro-
gram.***¥ The details of the RI-CC2 implementation can be
found elsewhere.""***! For all RI-CC2 calculations we used aux-
iliary basis sets optimized for the used one-electron basis
sets.[°]

Results and Discussion

As pointed out in the preceding sections, vibronic profiles in
TPA spectra can be simulated using a Herzberg-Teller expan-
sion of the two-photon transition moment or the dipole
moment difference between an excited state and the ground
state. The latter approach was used by Rebane et al. to ana-
lyze the vibrational fine structure of absorption bands in TPA
spectra of fluorescent proteins.”* In fact, the approximate rep-
resentation of the two-photon transition moment by the
dipole moment difference appears commonly in few-state
models used for establishing structure-property relationships
for TPA-active materials. The success of such an approximate
representation is dependent on the interplay of optical chan-
nels that contribute to a two-photon transition. To the best of
our knowledge, there is no data available in the literature
regarding the performance of quantum chemistry methods in
computing geometric derivatives of dipole moment differences
on excitation except one study,*”! which indicates that Au
depends strongly on the exchange-correlation functional. In
Table 1 we present the orbital-relaxed ground- and excited-
state dipole moments“®*?! of 4-nitroaniline in vacuo. The
ground state dipole moment is predicted at the density func-
tional level to be between 6.9 and 7.3 D and is almost 1 D
larger than the experimental value. We note the satisfactory
performance of CC2 for the ground state property. In the
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Table 1. Ground and vertical (r, 7*) excited-state dipole moments (in
Debye) of 4-nitroaniline in vacuo.

g He Ap
B3LYP 7.3 126 53
BHandHLYP 7.1 122 5.1
CAM-B3LYP 7.0 126 56
LC-BLYP 7.0 121 5.1
M06 7.1 124 53
M06-2X 6.9 138 49
MO6-HF 7.0 113 43
PBEO 7.1 126 55
cc2 6.3 138 7.5
CC2/cc-pVTZ 6.0 137 7.7
Expt. 6.2 153 =1 9.1+1

Unless otherwise indicated, all values (given in [Debye]) were computed
using the aug-cc-pVTZ basis set at the equilibrium geometry corre-
sponding to the method indicated below. Experimental value of u for
gas phase was extracted from the measurements in dioxane solution
by applying the Onsager reaction field model to eliminate the effect of
solvent.“®!

excited state, all used exchange-correlation functionals predict
the dipole moment to be much smaller than that determined
experimentally and the difference is roughly 3 D. The CC2
model is more accurate and the difference is reduced to 1.5 D.
Among used functionals, M06-HF delivers the worst predic-
tions of Au. The results of the performed analysis (see Sup-
porting Information) do not allow to directly link this failure
with the amount of Hartree-Fock exchange. The data in Table
1 also demonstrates that the lack of diffuse functions introdu-
ces at the CC2 level of theory some error which is not very
significant neither in the ground nor in the electronically
excited state. To sum up, the applied exchange-correlation
functionals overestimate the dipole moment in the ground
state and underestimate the dipole moment in the (r,n*)
excited state. However, we note much larger variations in the
latter, that is, at the DFT level the standard deviation of the
ground and excited state dipole moment is 0.1 D and 0.4 D,
respectively. Similar observations have been recently reported
by Eriksen et al. who studied ground and excited state dipole
moments of 4-nitroaniline in gas-phase and in water. ®” These
authors linked the inability of TDDFT/CAM-B3LYP to correctly
predict the solvatochromic shift to the underestimated value
of the dipole moment difference between the charge-transfer
state and the ground state. It should be noted that the CC2
value of Au reported herein (7.5 D) is very close to the CCSD
result (7.2 D) for 4-nitroaniline in the gas phase reported by
Eriksen et al.®® The conclusion drawn based on the analysis of
results for 4-nitroaniline was proved by Bednarska et al. to
hold also for another push—pull 7-conjugated molecule, that is,
4-nitro-4'-dimethylamino-azobenzene.*”!

Figure 1 presents the strength of the coupling of the dipole
moment difference to the normal modes of vibration in the
range of 1100-1800 cm™'. Outside the indicated region the
coupling is weak and does not exceed 1 D/(Ay/amu). The
assignments of some key modes with the largest coupling to
Au and the corresponding unscaled harmonic vibrational fre-
quencies are given in Table 2. For the sake of brevity, we refer
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Figure 1. Geometric derivatives of dipole moment difference between the
(m,m*) excited state and the ground electronic state for 4-nitroaniline in
vacuo. All values are given in [Debye/(/f\\/a"r—nﬁ)] and were calculated using
the cc-pVTZ basis set. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

to the five normal modes in question as n;—ns. The results
presented in Figure 1 and Table 2 were obtained using the cc-
pVTZ basis set. Computations of property derivatives for 4-
nitroaniline using CC2 with a larger basis set are computation-
ally very demanding. However, to check the importance of dif-
fuse functions we have determined (9(Au)/0Qy) for some of
the functionals using the aug-cc-pVTZ basis set. The average
unsigned relative error in 9(Au)/0Qy for the cc-pVTZ basis set
is presented in Table 3. On average, the extension of the basis
set by adding a set of diffuse functions changes the strength
of the coupling by not more than 10%. The smallest variations
are observed for mode n; (2.0%) and the largest for mode n,
(9.5%). It can thus be concluded that the differences in the
results predicted by the two basis sets are not significant. Like-
wise, an overall satisfactory agreement in IR spectra predicted
using cc-pVTZ and aug-cc-pVTZ basis set is found at the CC2
level (results are shown in Supporting Information). Thus, here-
after we will only discuss the properties obtained using the
smaller (cc-pVTZ) basis set. Several interesting conclusions can
be drawn based on the analysis of Figure 1. Except M06-HF,
the strength of the coupling for mode n; is predicted by all
other used functionals to exceed 4 D/(A\/ﬁ) and the value
varies from 4.23 (BHandHLYP) to 4.54 D/(A\/amu) (B3LYP). The
value computed at the CC2 level is 3.53 D/(Ay/amu) and is

1.80 D/(Ay/amu). Likewise, for any other mode in the range
1100-1800 cm ™', the MO6-HF functional underestimates the
strength of the coupling 9(Ap)/0Q. It is worth recalling that
the MO06-HF functional predicts the smallest dipole moment
change on excitation to the (m,7*) excited state of 4-
nitroaniline (only 4.3 D). Here, we demonstrate that it also per-
forms poorly in predicting changes of Au on vibration. For the
modes n, and ns B3LYP, M06, and PBEO predict much larger
strength of the coupling than the CC2 method. For example,
the value of 9(Aw)/dQ for n3 computed using the B3LYP func-
tional is 3.30 D/(A /amu) and only 0.98 D/(A\/amu) at the CC2
level of theory. CAM-B3LYP and BHandHLYP functionals predict
the strength of the coupling for the modes n, and n; in much
better agreement with the CC2 results. As far as the last two
modes in the discussed spectral range are concerned, that is,
n4 and ns, all methods consistently predict that the coupling
strength is larger for mode n, than for mode ns (note that
some methods predict reverse ordering of these modes, cf.
Table 2). However, the intensity ratio of the coupling strength
(ng:ns) varies strongly among used functionals from 1.09
(BHandHLYP) up to 7.88 (M06-HF). B3LYP predicts the value of
the ratio to be 1.72 and it is in the best agreement with the
CC2 value (1.43). Except the M06-HF functionals which delivers
the worst predictions of coupling strengths, the performance
of used functionals is somewhat mixed and much depends on
the spectral range and type of vibration. Considering the val-
ues of d(Au)/0Q for all five modes, the best agreement with
the CC2 data is observed for CAM-B3LYP and BHandHLYP.

The derivatives of the longitudinal component of two-
photon transition moment with respect to normal modes in
the range 200-1800 cm ™' are shown in Figure 2. As seen,
below 1100 cm™' there are some low-frequency modes of

Table 2. Ordering and assignments"

of normal modes of largest coupling either to Au or M. The values in parentheses correspond to unscaled har-
monic vibrational frequencies (given in cm™') determined using the cc-pVTZ basis set.

B3LYP BHandHLYP CAM-B3LYP Mo06 MO06-HF PBEO cQ2
nq: v(7a,ph-NO,),v(ph-1) 24 (1129) 24 (1184) 24 (1150) 24 (1118) 25 (1173) 25 (1145) 24 (1108)
ny: v(13,ph-NH,), v(ph-12), 6(CH-18a) 27 (1331) 27 (1378) 28 (1349) 28 (1337) 29 (1352) 28 (1350) 29 (1321)
n3: v5(NO,), v(ph-NO,) 29 (1365) 30 (1486) 30 (1429) 30 (1416) 31 (1509) 30 (1422) 27 (1286)
ny: v(ph-8a), d5,(NH,), 6(CH-9a) 35 (1644) 34 (1712) 36 (1687) 35 (1666) 35 (1691) 35 (1681) 34 (1632)
ns: d¢(NH-scissoring), v(ph-8a), 6(CH-9a), v(ph-NH>) 36 (1664) 35 (1730) 34 (1662) 34 (1630) 34 (1662) 34 (1653) 36 (1657)
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Figure 2. Geometric derivatives of two-photon transition moment corre-
sponding to the transition to the (n,n*) excited state for 4-nitroaniline in
vacuo. All values are given in [au/(A\/amu)]. Upper panel presents the geo-
metric derivatives of dipole moment difference between the (r,7*) excited
state and the ground electronic state (given in [Debye/(A\/amu)]). All data
were obtained using the cc-pVTZ basis set.

moderate coupling strength. Due to a limited implementation
of quadratic response functions at the density functional level,
the calculations of geometric derivatives of M* were per-
formed only for three functionals: BHandHLYP, B3LYP, and
CAM-B3LYP. The intensity ordering for the five key modes is
N3 >nq, >n,>ns>n, (CC2), ng>n3>ny;>n,>ns (CAM-B3LYP),
ng>ny>n,>ns>ns (B3LYP) and n3>ny>ng>ns>n,
(BHandHLYP). As seen, each method predicts different ordering
and yet the amplitudes of the coupling vary strongly. The larg-
est coupling strength at the CC2 level is found for mode n;
and the corresponding value is 97.8 [au/(A/amu)]. The density
functionals predict much smaller values of the coupling
strength for this mode, that is, 53.9 (CAM-B3LYP), 23.9 (B3LYP)
and 66.2 [au/(Ay/amu)] (BHandHLYP). Conversely, the largest
value at the B3LYP level is found for mode n,; and it equals to
103.4 [au/(Ay/amu)l. To sum up, we note large variations in
coupling patterns among three used exchange-correlation
functionals and none of them resembles that predicted by
CC2. Finally, an interesting piece of information emerges from
the comparison of 9(Au?)/0Qc and OM#/0Qx computed
using the CC2 method [cf. Fig. 2 (upper two panels)l. Namely,
the three modes of largest coupling to Ag? (ny, n, and ns)
only weakly couple to M?. Conversely, as discussed above, it
is mode n; that exhibits by far the strongest coupling to M*.
One may thus draw the conclusion that the approximate rep-
resentation of geometric derivatives of M by d(Au?)/0Q is
not universally legitimate, even in the case of the charge-
transfer = — ©* transition for the studied prototypical push-
pull system.

What we have studied thus far was the assessment of com-
monly used exchange-correlation functionals for computing
the coupling strength of the two-photon transition moment
(or Au) to normal modes of vibration. However, a fine struc-
ture of the TPA band is not solely determined by the cou-
pling strength but it does also depend on the matrix
elements between vibrational wave functions in the ground
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and excited states. In this article, we use a linear coupling
model to simulate the vibrational fine structure of TPA bands.
Thus, we retain terms up to linear in the expansion of the
two-photon transition moment with respect to the normal
coordinate. The results of simulations of TPA spectra for each
method used to determine the geometric derivatives of M*?
are presented in Figure 3. As we consider 4-nitroaniline in
vacuo, we simulated the spectra assuming only a homogene-
ous broadening represented by Lorentzian profile. To conven-
iently compare all used electronic structure methods, the
spectra presented in Figure 3 are normalized (with respect to
the most intense feature at the B3LYP level) and the 0-0 tran-
sition for all methods is located at 0 cm™". First, we note that
there are substantial differences in the total TPA intensity dis-
tribution between B3LYP and the remaining methods. CAM-
B3LYP and BHandHLYP yield very similar profiles that are
qualitatively similar to that predicted by CC2. The decomposi-
tion of the total intensity into FC, HT and mixed FC/HT terms
show, in agreement with the results obtained by Silverstein
and Jensen using LC-PBE functional,'"® that the TPA profile
for 4-nitroaniline is largely determined by the FC contribu-
tion. However, the CC2 results bring new insight into the
vibronic coupling mechanism in TPA spectra of 4-nitroniline
and demonstrate that the mixed term is quite large and that
it also exhibits the negative interference with the FC contri-
bution. It should be noted that the importance of non-
Condon effects in TPA spectra has already been reported,
including some of the present authors.**>>*? This study
clearly demonstrates that the conclusions might strongly
depend on the used electronic structure method. The dis-
crepancies in band structure might be attributed to the dif-
ferences in Huang-Rhys factors (related to the normal mode
displacements between the ground and excited state).” To
put the differences in the displacements on quantitative
basis, we have determined the vibrational reorganization
energy defined as 4, = 3", (wkA;/2), where A is a dimension-
less normal mode displacement for mode k and the index
runs over normal modes. The values of /, computed at
B3LYP, BHandHLYP, CAM-B3LYP, and CC2 levels are 1253, 2323,
2212, and 3664 cm™ ', respectively. As seen, B3LYP underesti-
mates substantially the vibrational reorganization energy,
while BHandHLYP and CAM-B3LYP yield similar values of 4,.
This explains the very similar FC profiles predicted by the
two functionals. Conversely, CC2 predicts a much larger value
than the other functionals. The difficulties in estimation of
vibrational reorganization energy for 4-nitroaniline using the
B3LYP functional have already been discussed by Silverstein
and Jensen."® These authors determined the value of A, at
the B3LYP/cc-pVDZ level to be 863 cm™'. The latter value,
apart from differences in the basis set used, cannot be
directly compared to present result due to the fact that Sil-
verstein and Jensen studied a nonequilibrium G, structure of
4-nitroaniline. Nevertheless, these authors also reported that
the LC-PBE functional predicts a much larger value of 4,, that
is in agreement with the present findings.

It is relevant to mention that Moran and Kelley determined
experimentally dimensionless normal mode displacements for
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Figure 3. Vibronic TPA spectra for 4-nitroaniline in vacuo simulated based on the dominant longitudinal component of two-photon transition moment. All

data were obtained using the cc-pVTZ basis set.

several modes in five solvents.** Our gas-phase results can
be compared with the experimental data obtained for cycle-
hexane, which is a low-polarity solvent. The value of 1, com-
puted at the CC2 level for the 5 modes reported by Moran
and Kelley is 2045 cm™ ' and is in reasonable agreement
with the experimental data (2058 cm™'). Although the
method used by Moran and Kelley to determine dimension-
less mode displacements has its limitations,”® it gives strong
support for CC2 as the reference level for the present study.
Moreover, to quantify the differences in TPA profiles com-
puted at several levels of approximation, we introduce p
parameter defined as:

3)

5 [LIE20) BT 0P a]*
f[ltco(%z(v)}zdv

By definition, f =0 for identical spectral profiles. We have
determined this parameter for all used functionals (B3LYP,
CAM-B3LYP, BHandHLYP) with respect to the CC2 profile for
total vibronic 2PA spectra (FC+FC/HT+HT) with broadening
equal to 200 cm™". The value of f is 0.990, 0.602, and 0.613
for B3LYP, CAM-B3LYP, and BHandHLYP functional, respectively.
These numbers demonstrate that both CAM-B3LYP and
BHandHLYP yield similar absorption profiles and they are in
line with the visual inspection of Figure 3. Conversely, the f

Wiley Online Library

value computed for the B3LYP spectrum is roughly 30% larger
than that obtained for two other functionals.

Summary

In this study, we performed computations of vibrational fine
structure of TPA band for 4-nitroaniline in vacuo. Vibronic TPA
spectra were simulated within the framework of the linear
coupling model and using resolution-of-identity implementa-
tion of the approximate second-order coupled-cluster singles
and doubles model CC2 with the cc-pVTZ basis set. The CC2
results bring new insight into the vibronic coupling mecha-
nism in TPA spectra of 4-nitroniline and demonstrate that the
mixed term is quite large and that it also exhibits a negative
interference with the FC contribution. A substantial part of
this study was devoted to the comparative assessment of sev-
eral popular exchange-correlation functionals in simulations of
vibronic TPA spectrum as well as in computing geometric
derivatives of the two-photon transition moment and the
dipole moment difference for the charge-transfer state. This
study demonstrates that there are large variations in the cou-
pling strength of two-photon transition moments to normal
coordinates for the used set of functionals. None of the
exchange-correlation functionals predicts the coupling pattern
similar to that computed at the CC2 level for the key normal
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modes, that is, modes characterized by the largest values of
OM/0Q. These differences, however, have only a secondary
effect on the simulated TPA spectra of 4-nitroaniline in gas
phase. The shape of the TPA band profile, largely dominated
by the Franck-Condon contribution, crucially depends on the
normal mode displacements. An attempt to quantify the differ-
ences in vibronic TPA profiles reveals that BHandHLYP or CAM-
B3LYP functionals outperforms B3LYP functional. Nevertheless,
in comparison with CC2 spectrum, none of the studied func-
tionals satisfactorily predicts vibronic profiles for 4-nitroaniline.
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