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ABSTRACT: Twisted intramolecular charge transfer (TICT)
chromophores exhibit a promising third-order nonlinear optical
(NLO) response, γ, which is potentially useful for all-optical
switching. Here we explore the third- and fifth-order NLO response
of a newly synthesized chromophore, TMC-3′, which incorporates
both stilbene and TICT motifs with optical function. Solution Z-scan
measurements in CH2Cl2 reveal modest two-photon absorptions
(2PA) at 1100 and 800 nm (σ2PA > 80 GM), and two contributions
to the nonlinear refraction. The first component is attributed to the
third-order bound-electronic response, while the second is assigned
to a fifth-order process involving 2PA induced excited state refraction
(2PA-ESR). Quantum computation suggests that the differences
between the present work and previous studies lie primarily in the
addition of the stilbene related states, as well as the increase in ground state dipole moment. This work yields insight into the third-
and fifth-order NLO response of TICT chromophores and demonstrates that subtle structural modifications significantly impact
their functionality.

■ INTRODUCTION

Materials that exhibit nonlinear refraction (NLR) and
absorption (NLA) have drawn significant interest for their
applications in all-optical signal processing and optical power
limiting, respectively.1−6 The most commonly reported
mechanism of NLR arises from the direct third-order
nonlinearity, which occurs on a very short time scale (i.e.,
instantaneous NLR),7 and manifests in bulk materials as the
bound-electronic nonlinear refractive index n2. In molecular
materials this property is related to the second hyper-
polarizability, γ, of the constituent chromophores. Strategies
to enhance γ include bond length alternation (BLA), which
involves balancing neutral and charged contributions to the
ground state, creation of 2-D chromophores,8,9 inclusion of
auxiliary heterocyclic donor moieties, and optimization of the
chromophore environment.10−18 Our previous work has
focused on the design of twisted intramolecular charge transfer
(TICT) chromophores which feature a donor and acceptor
fragment connected by a twisted biaryl bridge. The degree of
biaryl torsion leads to localization of the HOMO and LUMO
on the donor and acceptor fragment respectively, which results
in a very large ground state dipole moment (μg), low charge
transfer energy (Ege), and a modest CT transition dipole
(μge).

19−21 Several modifications of the archetypal chromo-
phore TMC-2 (Figure 1), such as donor and acceptor group

modification (PMe3TC6(CN)2) and coupling to a cyanine dye
(Cy-TICT), lead to enhanced experimental γ values.15,19,22

Higher order processes have also been found to contribute
to NLR and NLA in inorganic semiconductors and organic
chromophores.23−27 This contribution arises via a sequential,
effectively fifth-order nonlinear process, in which two-photon
absorption (2PA) is followed by excited state absorption and/
or refraction.24,28 Such processes can be denoted by χ(3):χ(1).
For the case of an irradiance-dependent NLR, this is quantified
on the molecular scale by an excited state refraction (ESR)
cross-section (σESR) and 2PA cross-section δ2PA, which is

related to the 2PA absorption coefficient, α2, via δ2PA= N
ωℏ α2,

where ω is the laser frequency and N is the total molecular
density. The initial 2PA process is a relatively common
phenomenon in organic chromophores and the design
principles are now well understood for several structure
types.6 σESR can in principle be observed in any molecule for
which population is created via linear loss or nonlinear
absorption (e.g., 2PA), and the ground and excited state
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polarizability differs, although literature reports of σESR and its
contribution to NLR are somewhat scarce.23−26,29

In this study, we investigate the impact of appending a
stilbene fragment to archetypal chromophore TMC-2, to form
TMC-3′. In the past, this modification greatly enhanced
second-order NLO response in the closely related TMC-3
chromophore, primarily due to the increase in ground state
dipole moment.30,31 Here, we perform Z-scan measurements
on TMC-3′ at multiple irradiances and wavelengths in order to
ascertain, (1) the 2PA cross-section (δ2PA); (2) the second
hyperpolarizability (γ); (3) the presence and dispersion of σESR
induced by 2PA. In order to understand the experimental
results, we pursue electronic structure calculations to
investigate the impact of molecular torsion, π-system
elongation, and states residing on the stilbene fragment
which are unique to this TICT system.

■ EXPERIMENTAL METHODS

Nonlinear Optical Characterization by Z-scan. The
third- and fifth-order nonlinear optical response of TMC-3′
was measured by the Z-scan method, which probes the change
in absorption and refraction of a sample as a function of local
light irradiance.32 This experiment operates in two modes
referred to as open aperture (OA), which reveals the NLA, and
closed aperture (CA) used to determine NLR. The CA divided
by OA (i.e., CA/OA) will decouple the NLR and NLA. In this
investigation, we used a dual-arm Z-scan (DA Z-scan) setup,
which allows for measurement of the solute by subtracting the
solvent signal while directly accounting for beam fluctua-
tions.33 DA Z-scan can increase the signal-to-noise ratio (SNR)
by an order of magnitude compared to single arm Z-scan in
both solution and thin-film samples.33,34 In order to determine
both the dispersion and origin of NLA and NLR, measure-
ments were performed using several irradiances at 800, 1100,
and 1300 nm. TMC-3′ solutions were prepared in dry CH2Cl2
at ∼1 mM concentration. Further details of nonlinear optical
measurements are presented in Section S2 of the Supporting
Information.

Computational Methods and Polarizability Calcula-
tions. Model TMC-3′ analogues were optimized in the gas
phase and with a polarizable continuum model for CH2Cl2 at
the B3LYP/6-31G** level. The optimized torsional angles of
∼90° in CH2Cl2 are in good agreement with previous work
and crystallographic data.19,30,35 Molecular second hyper-
polarizability, γ, was calculated in the Amsterdam density
functional package using CAM-B3LYP/6-31+G*.36 TDDFT
was performed in Q-Chem using CAM-B3LYP/6-31+G** on
TMC-3′ structures with constrained biaryl dihedral angles of
65°, 70°, 75°, 80°, 85°, 89°.37 Calculation of polarizabilities
(α) can be performed using expressions obtained from
perturbation of a molecular dipole moment (μ) with an
electric field (F) (eq 1). The finite field (FF) method involves
the calculation of state dipole moments at

F F F( )
1
20

2μ μ α β= + + + ···
(1)

applied static fields, fitting the results with eq 1. This method
does not provide information about the relative contribution of
specific states, nor does it account for the frequency
dependence of polarizability, but allows qualitative compar-
isons without requiring knowledge of higher excited-state

Figure 1. Archetypal TICT chromophore TMC-2, thiophene
derivative PMe3TC6(CN)2, TICT/stilbene chromophore TMC-3,
and cyanine/TICT hybrid Cy-TICT.

Scheme 1. Synthesis of Chromophore TMC-3′a

aReaction conditions: (i) (a) n-BuLi, −78 °C, THF; (b) DMF; (ii) Pd(PPh3)2Cl2, B2pin2, KOAc, 1,4-dioxane; (iii) 4-bromopyridine·HCl,
Pd2(dba)3/SPhos, K3PO4, toluene/water; (iv) diethylbromobenzylphosphonate, KOtBu, THF; (v) NaCH(CN)2, Pd(PPh3)4, NaH, DME; (vi)
ROTf in CH2Cl2 and then NaOMe in MeOH.
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characteristics, which are often unreliable.38−41 The sum-over-
states (SOS) method (eq 2) provides a complementary
approach by directly correlating α with the characteristics of
specific states; the full expression for α of state n is given by eq
2. Here n and m represent
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n m

m n

nm

2

∑α ω
ψ μ ψ

ω
=

⟨ | |̂ ⟩
− ℏ≠ (2)

different electronic states, μ is the transition moment between
states, and Enm is the difference in state energy.
In this work, we employ the SOS approach to calculate α

from experimental data, and the FF method to obtain static α
for ground and excited states by computing ground and
excited-state dipole moments in the presence of static fields
ranging from −0.001 to +0.001 au in 0.0001 au increments.
Small fields were used both to limit the contribution of higher-
order terms and to prevent reordering of the relevant states,
which are somewhat closely spaced. Even so, careful
interpretation of the state dipoles was required to obtain
accurate results (see Supporting Information). The results
were fit with the Taylor (or polynomial) method, including the
hyperpolarizability (β) term for accuracy.

■ RESULTS AND DISCUSSION
Chromophore Design and Synthesis. Based on

crystallographic and computational evidence, we have
employed a tri-o-methyl biaryl fragment to provide a twist-
inducing steric effect comparable to that of the more
synthetically tedious tetra-o-methyl moiety.35 The synthesis
(Scheme 1) begins with conversion of 2,5-dibromo-1,3-
dimethylbenzene to 1 via regioselective lithiation followed by
treatment with dimethylformamide. The aryl bromide 1 is
catalytically converted to 2, which is then coupled to 4-chloro-
3-methylpyridine·HCl using Suzuki coupling. Intermediate 3 is
then converted to 4 by an E-selective Horner−Wadsworth−
Emmons reaction with diethyl-4-bromo-benzylphosphonate.
Pd-catalyzed coupling of 4 to malononitrile, subsequent
alkylation with 2-octyldecyl triflate, and treatment with base
affords TMC-3′ in an overall yield of 32% over six steps. The
product and key intermediates were characterized by 1H NMR,
13C NMR, elemental analysis, and mass spectrometry (see
Supporting Information for more details). The inclusion of a
bulky alkyl group renders TMC-3′ sufficiently soluble to make
the highly concentrated solutions needed for NLO character-
ization.
Vibrational Spectroscopy. The strength and frequency of

CN stretching modes, v(CN), are diagnostic of the electron
density located on the dicyanomethanide group. Here we
observe v(CN) = 2162 cm−1 and a low energy side component
at 2112 cm−1 in the solid state (Figure S3). Similar bands of
2164 and 2118 cm−1 are found in TMC-3, and the quantitative
agreement of v(CN) to that of a phenylmalononitrile
carbanion (v(CN) = 2163, 2117 cm−1) suggests that the
dicyanomethanide fragment in TMC-3′ supports nearly a full
negative charge, consistent with a zwitterionic ground
state.30,42

Linear Optical Absorbance Spectroscopy of TMC-3′.
The linear optical absorption of TMC-3′ in CH2Cl2 (Figure
2A) is characterized by an intense subfragment charge transfer
(SFCT) at 425 nm (ε = 32 000 M−1 cm−1) and a weaker
interfragment charge transfer (ICT) band at 542 nm (ε = 2130
M−1 cm−1). The two low-energy excitations highlight the

hybrid nature of TMC-3′; the ICT excitation is similar in
energy and strength (μ01 = 2.3 D) to that of TMC-2 (560 nm
in CH2Cl2), while the SFCT excitation has a large transition
moment (μ02 = 8.3 D) typical of a donor/acceptor stilbene.6,43

Comparison of the change in ICT (Δλ ∼ −77 nm) and SFCT
(Δλ = −32 nm) peak maxima in CH2Cl2 and MeOH solutions
suggest that the magnitude of the state dipole moments
increases in the order of μICT < μSFCT < μg. The linear
absorbance characteristics of TMC-3′ are nearly identical to
those of previously reported TMC-3, which exhibits ICT and
SFCT strengths of 2040 and 38 400 M−1 cm−1 respectively,
and an equivalent solvatochromic shift of the SFCT peak
(Figure 2B).35

As was previously identified by NMR experiments on TMC-
3, the large μg of these chromophores creates a tendency
toward aggregate formation, even in relatively dilute
solutions.30,35 The hypsochromic shift of the ICT band with
increasing concentration in CH2Cl2 (Figure 2C) confirms a
similar tendency, and it is therefore expected that highly
concentrated solutions (>10−3 M) used for Z-scan measure-
ments contain a non-negligible population of aggregates.

TICT/Stilbene Hybrid Molecular Orbitals. Molecular
orbital pictures provide a useful qualitative view of the three

Figure 2. (A) Fitting of ICT and SFCT peaks of TMC-3′ (∼10−5 M)
in CH2Cl2 (B) Comparison of solvatochromic shift of TMC-3′ (solid
lines) and TMC-3 (dotted lines). (C) Concentration dependent
absorption of TMC-3′ in CH2Cl2, focused on the ICT peak.
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relevant orbitals: (1) the HOMO, which is mainly localized on
the donor fragment and has little to no electron density on the
acceptor side of the twisted bridge; (2) the LUMO, which
mainly resides on the pyridinium ring with a small amount of
electron density on the twisted bridge; (3) the LUMO+3
orbital, which resides primarily on the central region of the
molecule. Note that relaxation of the biaryl twist angle can lead
to delocalization of LUMO+3 onto the acceptor fragment
(Figure 3). This qualitative picture highlights the unique

character of the TMC-3′ chromophore. Planar stilbenes are
typically uniformly conjugated such that the HOMO and
LUMO are both relatively delocalized over large portions of
the π-system.44 In contrast, TMC-3′ has a segmented
electronic structure reflecting the twisted biaryl fragment,
and leading to HOMO and LUMO localization. The ICT and
SFCT transitions have HOMO → LUMO and HOMO →
LUMO+3 character, respectively.

NLO Characterization by Z-scan Measurements. OA
measurements were performed at different pulse irradiances
and wavelengths. The linear scaling of the signal versus pulse
irradiance indicates 2PA is the dominant mechanism in NLA at
each wavelength, as evidenced by satisfactory fitting of
experimental data with a 2PA model, in agreement with the
linear optical spectra, and computational results. OA measure-
ments (Figure S1) reveal a small 2PA cross section of δ2PA < 7
GM at 1300 nm, and larger values of 110 ± 10 and 90 ± 10
GM at 800 and 1100 nm respectively (Table 1, Figures 4A and
S1). δ2PA at 800 nm is the highest measured value, consistent
with the proximity to a two-photon (2P) resonance of the
strongly absorbing SFCT state, and is similar to that of donor/
acceptor stilbene molecules, such as DANS (∼200 GM
maximum in CH2Cl2).

42,43 δ2PA at 1100 nm is also appreciable,
likely enhanced by proximity to the ICT 2P resonance. These
values exceed that of TICT chromophores TMC-2 (8.9 GM at
800 nm) and PMe3TC6(CN)2,

15,19 but are significantly smaller
than the best known two-photon absorbers (>10000 GM).6

CA/OA measurements (Figure S1) reveal that the
magnitude of the NLR response depends quadratically on
the irradiance of the input beam, indicating the presence of a
higher-order nonlinearity (Figure 4C). The fit to the Z-scan
signals were performed by considering the analytical expression
for the instantaneous NLR and excited-state nonlinearities as
explained in Said et al.24,45 In addition, the contribution of the
instantaneous bound-electronic NLR, γ, was obtained from the
intercept of the fitted line to the irradiance dependence of the
CA/OA normalized transmittance (Figure 4C), and the ESR
cross-section is found from the slope (see Section S2 for
details). These values are in a good agreement with the
analytical fits.24,45 The irradiance-independent response (Re(γ)
= −110 ± 20 × 10−35 esu) at 1100 nm exceeds that of TMC-2,
but is relatively small at 800 and 1300 nm. We note that the
value of the ESR cross-section at 1300 nm is a lower limit. This
approximation is based on the upper limit that is reported for
the 2PA at this wavelength.
Based on the observed 2PA, we conclude that the underlying

dominant mechanism for irradiance-dependent NLR is
sequential 2PA-ESR. In general, linear absorption (i.e., χ(1))
can also contribute to promoting carriers into the excited state,
however, at these wavelengths the linear absorption is near
zero. Therefore, our model only includes pure third-order
nonlinear effects, i.e., χ(3), and effective fifth-order nonlinear
effects, i.e., Imχ(3):Reχ(1). This model explains the linear
dependence of the measured NLR with the peak irradiance,
which is discussed later in more detail. The values for γ and
σESR calculated directly from NLR and NLA values extracted

Figure 3. MO pictures of TMC-3′ (85°) calculated at the CAM-
B3LYP/6-31+G** level, cutoff set to 0.03.

Table 1. Comparison of TMC-3′ and TMC-2 Z-Scan Results in CH2Cl2
a

TMC-3′ TMC-2b

800 nm 1100 nm 1300 nm ∼775 nm ∼1170 nm

Re(γ) (GM) −5.0 ± 1 −70 ± 15 <2 ± 1 − −
Re(γ) (×10−35 esu) −4.0 ± 1 −110 ± 20 <4 ± 2 140 50
σESR (×10−16 cm2) 3.0 ± 0.5 5.5 ± 1 >13 ± 2 − −
δ2PA (GM) 110 ± 10 90 ± 10 <7.0 8.9 <1.5
δ2PA (× 10−35 esu) 45 ± 5 70 ± 10 <7.5 − −
linear transmittance ∼0.99 ∼0.99 ∼0.99 ∼0.98 ∼0.99

aHere, Re(γ) is the 2nd hyperpolarizability related to the electronic nonlinear refraction, σESR is the fifth-order nonlinear refraction due to the
generated excited states via 2PA. δ2PA is the 2PA absorption cross-section. The linear transmittance does not include losses from the Fresnel
reflection. bData from ref 19.
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from the Z-scan, are reported in Table 1 in two different units,
and the observed trends are discussed below.46

Computation of NLA and Excited State Character.
Quantum computation reveals a maximum δ2PA of 841 GM at
∼1000 nm, which results from 2P excitation to the LUMO+3
orbital (Figure 3), which resides on the central and donor ring.
Note that the computational value is calculated at 2P
resonance, while the measured value at 800 nm is detuned
from the 2P resonance, accounting partially for the discrepancy

in magnitude. The transition from HOMO to LUMO+3
resembles CT which occurs in donor/acceptor stilbenes,
suggesting that the central ring in TMC-3′ functions as an
auxiliary acceptor group. Accordingly, the strength and energy
of this transition is comparable to simple donor/acceptor
stilbenes.43,44,47

Computation of Third Order NLR. Calculations of Re(γ)
were performed at wavelengths ranging from 775 to 1500 nm
in order to encompass the technologically relevant window and
to include regions of one- and two-photon enhancement
(Table 2). Model compound TMC-3′-EH (see Section S3)

shows a change in sign of Re(γ) around 900−1000 nm. This
corresponds to the region of the 2P resonance of the ICT state,
indicating that the observed nonlinearity is dominated by the
ICT contribution rather than the SFCT one. This is in
agreement with the experimental data, which shows enhanced
Re(γ) at 1100 nm, near the ICT 2P resonance. The difference
in sign is a result of the discrepancy between computed and
measured ICT energy, as the sign of Re(γ) changes upon
crossing the 2P resonance. Note that it is not practical to
directly compare computational and experimental values, as
they may differ for a variety of reasons, including the
overestimation of CT energy resulting from DFT pathologies,
artificially high computed resonant enhancement, and solvent
and aggregation effects. However, comparison between the two
computed data sets provides valuable insight. Computed Re(γ)
is uniformly larger for TMC-3′-EH than for TMC-2, with the
exception of ∼775 nm where TMC-2 benefits from significant
one-photon enhancement. At the static limit, Re(γ) of TMC-
3′-EH (Figure 1) is 2 orders of magnitude larger than that of
TMC-2.19

The static results (last entry in Table 2) can be understood
in the context of a static 3-state description (eq 3) of Re(γ),
where μ0n is the transition moment between states 0 and n, E0n
is the energy gap, and Δμ0n is the change in state dipole
moment.

E E E E
01

4

01
3

01
2

01
2

01
3

01
2

12
2

01
2

02
γ

μ μ μ μ μ
= − +

Δ
+

(3)

As Δμ01 ≫ μ01 for TICT chromophores, the second (dipolar)
term is the primary contributor to Re(γ). Thus, the computed
increase in Re(γ) far from resonance is the result of the
extended π-system length, which causes Δμ01 to increase by
∼25 D relative to TMC-2. These values are ∼8× lower than
those computed at 1550 nm for thiophene-based TICT
chromophore PMe3TC6(CN)2, likely as a result of the
significantly compressed HOMO−LUMO energy gap in that
molecule.15

Figure 4. (A) OA Z-scan results for TMC-3′ in CH2Cl2 at 1100 nm
with 2PA fitting. (B) CA/OA results at 1100 nm fit for the second
hyperpolarizability and 2PA-ESR. (C) Total nonlinear refraction
divided by the peak input irradiance, I0, versus the irradiance for three
different wavelengths, indicating that the mechanism for NLR is a
sequential 5th-order process involving 2PA created excited states
followed by ESR. (Z-scan results for 800 and 1300 nm are reported in
Section S2).

Table 2. Dispersion of Average Second Hyperpolarizability
of TMC-3′-EH and TMC-2 Computed with CAM-B3LYP/
6-31+G**

wavelength (nm) TMC-3′-EH (10−35 esu) TMC-2 (10−35 esu)

775 −680 ∼50378
900 −901 −
1000 10037 4735
1305 251 67
1550 166 15
inf 100 0.5
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Origins of Excited State Refraction. The generation of
excited states of density Nex is governed by the 2PA as dNex/dt
= α2I

2/2ℏω, and the change in index from the creation of these
excited states is ΔnESR = σESRNex/k0, with the ESR cross section
in units of cm2. We note that sometimes the k0 is omitted,
giving the cross section in units of cm3. Thus, the total change
in the refractive index, Δn, can be described as

n n I
k

I t t
2

( ) dESR
t

2 0
0

2 2∫σ α
ω

Δ ≅ +
ℏ

′ ′
−∞ (4)

In eq 4, ω is the frequency of the photon, n2 is the bound-
electronic NLR related to γ, and k0 is the free-space
wavevector. By simplifying this equation (discussed in Section
S2), we plot Δn divided by the peak input irradiance, I0, as a
function of I0. The complete derivation of this equation is
presented in Section S2. The change in refractive index
induced by changes in the populations of ground and excited
state is related to the difference in ground (αg) and excited
state polarizability (eq S5). The full sum-over-states expression
for α (eq 2) can be truncated to a three-state model (eq 5) and
used to derive αg from the lowest two excited states of TMC-3′
obtained from linear absorbance spectra in CH2Cl2 (Figure
2A).
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Here, E0m and μ0m are the difference in the energy between the
two states 0 and m, and the transition dipole moment of the
transition involved, respectively, and ω is the input frequency.
Substitution into eq 5 reveals αg(800 nm) = 2.99 × 10−22,
αg(1100 nm) = 2.47 × 10−22, αg(1300 nm) = 2.35 × 10−22

cm3, αg(static) = 2.09 × 10−22 cm3 (or esu), and that the
strongest contribution to polarizability arises from the SFCT.
The finite field (FF) method, described in the Experimental

Methods, computes a static αg = 1.99 × 10−22 cm3 at θ = 89°,
which is in good agreement with the SOS value derived from
the experimental spectra (Table S2), justifying the reliability of
this method. FF calculations also show that the αg and SFCT
state polarizability (αsfct) are similar at the static limit (Figure
5). Both exceed αICT, as expected from the greater
delocalization in the HOMO and LUMO+3 orbitals. These

calculations also reveal that α is highly sensitive to the torsional
angle (θ) of the biaryl fragment (Figure 5), as seen in previous
literature.48 There is a sharp increase in αsfct upon relaxation
from 89° to 85°, concurrent with greater delocalization of the
relevant orbitals (Figure 3, LUMO+3). Such relaxation of θ in
the excited state would be feasible given the quinoidal
character of the LUMO+3 orbital, although without knowing
the precise structure of the excited state, it is not possible to
reliably compute αsfct or σESR.

49,50 The FF method (Table 3) is

also unable to account for the effects of resonant enhancement,
which dictate the dispersion of α for a given state. Thus, while
we have been able to draw conclusions far from resonance, it is
difficult to predict even the ordering of αg, αICT, and αSFCT in
the region relevant to our experimental results, and
consequently, we cannot make any definitive statement as to
the trend in σESR. However, our analysis finds that while TICT
chromophore NLO properties have generally been most
strongly related to the donor and acceptor identity, the central
ring is also important here as it impacts the LUMO+3, which
in turn contributes to σESR. Furthermore, it is clear that both
ground and excited state torsional angles are important to
NLO properties, whereas in the past only the ground state has
been considered.

■ CONCLUSIONS
We have investigated the third- and fifth-order nonlinear
optical response of the hybrid TICT/stilbene chromophore,
TMC-3′, finding that the orbitals centered primarily on the
stilbene fragment lead to larger 2PA than observed in other
TICT systems. In contrast to previous TICT results, there is a
contribution from irradiance-dependent NLR, related to the
change in polarizability between the ground and excited states.
This work sheds new light on impact of molecular torsion in
NLO chromophores, and it demonstrates that the addition of a
stilbene fragment, while modestly enhancing Re(γ) at 1100
nm, also introduces linear and nonlinear effects which must be
considered in the design of future chromophores.
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