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ABSTRACT 
 

Electric and Magneto-Electric Nonlinear Optical Response of  
Twisted Intramolecular Charge Transfer Chromophores 

 
Alexander Jen-Tong Lou 

 
Nonlinear optical (NLO) effects are used universally in modern day telecommunication and 

form the foundation of emergent photonic technologies. Twisted intramolecular charge transfer 

(TICT) chromophores, composed of a donor and acceptor fragment connected by a twisted bi-aryl 

bridge, combine large molecular NLO response with properties such as transparency in the IR 

region, thermal stability, and compact chemical structure, which makes them promising candidates 

for use in electro-optic devices. In this work we elucidate the impact of structural and 

environmental changes on 2nd order (b), 3rd order (g), 5th order (c(3):c(1)), and magneto-electric (My 

and Pz) NLO response of TICT chromophores. Chapter 1 reports the synthesis and characterization 

of a series of high-b TICT chromophores that utilize a new type of acceptor group and exhibit 

intermediate bi-aryl torsional angles which were previously inaccessible. Whereas earlier TICT 

chromophores exhibited poor performance in polar solvents, this series maintains a high b value 

in DMF. The use of polar solvents has the added benefit of mitigating aggregate formation, thereby 

enhancing b in concentrated solutions. Chapter 2 explores the interactions of the highest 

performing chromophore of the series, B2TMC-2, with organic salt additives, which lead to large 

spectroscopic changes and improved b values. The origin of these effects is determined to be 

coulombic attraction between the salt and the chromophore acceptor group, which competes with 

dipole-driven aggregate formation. The increases in b arise entirely from the disaggregating 

property of the salt, and we demonstrate that the same interactions in solution persist in host/guest 

films. In Chapter 3, we explore the impact of hybridizing a stilbene and TICT chromophore on g 
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and c(3):c(1). The observed two-photon absorption is attributed to the stilbene fragment, while the 

excess polarizablity is related to the twisted fragment, which causes localization of ground and 

excited states. The c(3):c(1) response contributes significantly to nonlinear refraction, and highlights 

the drastic change in NLO response resulting from a subtle structural modification. In Chapter 4, 

we outline the theoretical underpinnings of the first connections between magneto-electric 

response and molecular structure, showing that the twist motif can be productively applied to 2-D 

molecules. The sum of this work provides insight into the impact of bi-aryl twist angle, acceptor 

group identity, and environmental factors on several NLO effects, and in many cases yields 

productive guidelines based on deep understanding of specific cause/effect relationships.  
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Introduction 
 

0.1 Applications and fundamentals of NLO. The field of nonlinear optics (NLO) 

encompasses a multitude of phenomena, some of which find widespread commercial use, while 

others form the foundation of emergent technologies.1-5 Most notably, 2nd order NLO materials 

constitute the active component of electro-optic modulators which are used for ~99% of all 

intercontinental communication.6 Such ubiquitous applications have motivated improvements in 

NLO response of organic materials at the microscopic (molecules) and macroscopic (bulk 

materials) level, while interest in emergent technologies such as all-optical switching and 

computing have driven the development of 3rd order NLO materials.7 Beyond this, recently 

discovered magneto-electric nonlinearity may lead to even more intriguing applications including 

cloaking, high efficiency light-to-electricity conversion, and negative permeability materials.8,9 It 

is therefore important to develop materials which can exhibit large NLO effects and are suitable 

for these applications. Organic materials, composed of molecular or polymeric chromophores, are 

of particular interest due to their potential for very high NLO response, and the opportunity to 

create targeted synthetic changes which probe specific structure/property relationships. This work 

focuses on deepening our understanding of a unique class of organic NLO active chromophores 

with the goal of improving their suitability for 2nd order, 3rd order, and magneto-electric 

applications. 

The simplest description of NLO effects in a molecular system begins with the electric dipole 

moment, µ, which is a vector that represents a distribution of point charges defined as eq. 0.1, 

where q is a point charge and r is the position of the charge m with respect to the origin.  
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𝜇⃗ = ∑ 𝑞&𝑟&&           
 (0.1)  

 
µ(F) = µ0 + µind(F)   = µ0 + a F1(w) + ½ b  F1(w)F2(w)  + 1/6 g F1(w)F2(w)F3(w)+… 

 (0.2) 
 
In the context of a molecule, µ represents the electron distribution within the molecular 

scaffold. This distribution can be altered by the application of an external electric field, F(w), 

leading to a field-dependent dipole moment, µ(F), which is the sum of the intrinsic moment (µ0) 

and the field induced change in dipole moment (µind).The perturbation of µ by an electric field can 

be expressed as a Taylor series (eq. 0.2), where a is the linear polarizability, and b and g are the 

nonlinear coefficients for 1st and 2nd hyperpolarizability respectively. When F(w) is small, as with 

non-intense light, the first two terms are sufficient to describe light/matter interactions. However, 

when F(w) is large, as with lasers and high voltage DC fields, the latter terms, which scale as F(w)2 

and F(w)3, become increasingly important and give rise to useful phenomena. These terms, and 

higher order ones not discussed here, constitute the field of nonlinear optics. On the bulk scale, an 

equivalent expression can be written to describe the polarization (P) of a material; macroscopic 

and molecular NLO response are related as c(1) µ a, c(2) µ b, and c(3) µ g, although the exact 

relationship includes number density, local field corrections, and orientational considerations as 

described elsewhere.10  

 
P(F) = P0 + c(1) F1(w) + ½ c (2) F1(w)F2(w) +1/6 c (3) F1(w)F2(w)F3(w) +…  

 (0.3) 
 
In eqs. 0.2 and 0.3, the fields can have different frequencies, w, or be applied along specific 

Cartesian directions. Two conventions account for these scenarios: First, for a 2nd order process, 
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one would write b (w1; w2, w3) meaning the input to the NLO process is two photons of frequency 

w2 and w3 and the output is one photon with w1, with w1 + w2 + w3 = 0 to conserve momentum. It 

is often useful to employ this practice to describe certain common effects such as second harmonic 

generation b (-2w; w, w) or the electro-optic effect b (w; 0, - w). Second, because a, b, and g are 

tensors, they can relate any Cartesian component of the input fields to NLO response in any 

direction. For example, gxzzz represents the 3rd order nonlinear optical response along the X 

direction that results from the application of three fields along the Z direction. For an all-electric 

process far from resonance, Kleinmann symmetry can be applied such that the Cartesian indices 

can be freely permuted.10 This simple notation allows one to convey a great deal of information in 

one compact term and is used extensively in Chapter 4. 

In many cases, the nonlinear susceptibilities and coefficients themselves do not carry useful 

physical significance, thus it is often helpful to discuss their relationship to refractive index, n. 

 

𝑛(𝜔) = 𝑛,(𝜔) +
./0(1)

23
𝐸(0) + 6/0(7)

23
𝐸(0)8 + 98/0(7)

:231
𝐼(𝜔)    

 (0.4) 
 
The terms contributing to n(w) in the presence of an electric field are (in order): the linear 

refractive index (n0), the Pockels effect, the Kerr effect, and the optical Kerr effect. The Pockels 

effect is a 2nd order (c(2)) phenomenon in which the material refractive index depends on a static 

field, E(0), and finds widespread use in electro-optic modulators, which translate digital electronic 

information into optical signals.11,12 The optical Kerr effect is a 3rd order process in which light 

itself can change the refractive index of a material, and therefore forms the basis of many all-

optical switching schemes.7,13,14 
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0.2 Design of 2nd order NLO chromophores. Organic chromophores are promising materials 

for electro-optic modulators, as they combine large molecular b (and therefore c(2)), 

straightforward device incorporation, and molecular tunability.11,12,15,16 The development of these 

chromophores has relied heavily on a simple yet instructive two-level model (2LM), which 

assumes that only the properties of the electronic ground and first excited state are needed to 

describe the NLO response.10,17  

 

𝛽8= =
>?@1 A>?@
B?@1

          

 (0.5) 
 
Here, b is defined by the excitation energy (Eeg), the transition strength (µeg), and the change 

in dipole moment between ground and first excited state (Dµeg). In general, the strategy to optimize 

µeg and Eeg involves the use of an electron poor (acceptor) and an electron rich (donor) moiety 

connected by a planar π-conjugated system, which creates a low-lying charge transfer (CT) state 

with considerable transition strength. Upon excitation from g to e, a significant amount of electron 

density is transferred from donor to acceptor moiety, giving rise to large values of Dµeg. Using this 

strategy, a library of planar D-π-A chromophores were developed to optimize b, though all efforts 

fell below the fundamental limit on b by a factor of at least 10-3/2.12,15,18 Another approach, called 

bond length alternation, has been used to optimize the donor, acceptor, and bridging fragments to 

produce some of the highest b chromophores to date, although ultimately these molecules still fall 

within the planar D-π-A paradigm.11,19-22 The closest approaches to the theoretical limit of b, some 

of which are shown in Chapter 1, are motivated by modulated conjugation23,24 and valence-bond 

charge-transfer models,25-27 and are structurally distinct from the typical planar D-π-A architype.  
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Figure 0.1. Top: TICT chromophore composed of anionic donor fragment, cationic acceptor fragment, and 
sterically enforced twisted bi-aryl bridge. Bottom: Charge transfer (zwitterionic) and valence bond (neutral) 
limiting resonance structures of twisted chromophore TMC-2.  

Our work is focused on twisted intramolecular charge transfer (TICT) chromophores,28-36 

which are composed of a strong donor and acceptor moiety, bridged by a twisted bi-aryl fragment 

(Figure 0.1, top). A large torsional angle (generally > 70º) is enforced by steric repulsion of ortho-

substituents on the aryl groups, and serves to isolate the donor and acceptor group, localizing 

nearly a full negative charge on the donor fragment. Thus, the ground state is best described by 

the aromatic resonance form (Figure 0.1, bottom), and has a very large ground state dipole moment 

(µg) of ~ 25 - 70 D.30,33,36 The incorporation of a strongly electron accepting group, such as 

pyridinium or benzimidazolium leads to a relatively small excited state dipole moment, such that 

Dµeg is extraordinarily large. Experimentally, this is demonstrated by a hypsochromic shift of the 

CT peak in increasingly polar solvent (Figure 0.2, left), meaning that the large µg receives greater 

solvent stabilization than does the relatively small µe. The inter-aryl torsion also reduces the 

overlap of the donor and acceptor π-systems, resulting in low CT transition strength, generally on 

the order of µeg ~2 D. Increased torsion destabilizes the ground state, which in turn decreases the 

N
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NC
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NC
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gap between ground and excited state energy, though experimentally it is clear that solvent 

stabilization reduces the magnitude of this effect.27-30,33,36 As shown in Figure 0.2, these 

chromophores tend to exhibit linear optical spectra which have both the characteristic inter-

fragment charge transfer (TICT) in the region of ~400-700 nm, as well as some type of strong 

higher-energy sub-fragment transition.  

  

Figure 0.2. Left: Solvatochromic shift of the CT peak of TICT chromophore B0TMC-2. Right: Typical 
linear absorbance spectrum of TICT chromophore TMC-3’ in DCM showing the weak TICT transition 
(orange) and stronger sub-fragment transition (green). 

Several generations of TICT chromophores have been synthesized and characterized to 

determine b and g (Figure 0.3), while the NLO response of many others have been explored 

computationally. As discussed in the sections above, the NLO-relevant parameters, µeg, Dµeg, and 

Eeg are available from linear absorbance. However, the 2LM predicts that a molecule with typical 

TICT parameters µeg ~ 2 D, Dµeg ~ 25 D, and Eeg ~ 2 eV would exhibit a mundane b value of ~ 10 

– 20 ´ 10-30 esu, which is much lower than the experimentally and computationally determined b 

values between -800 and -9800 ´ 10-30 esu.30,33,36 So, while the 2LM is useful for outlining the 

relevant molecular properties, it does not accurately capture the NLO response. Valence-bond 
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charge-transfer (VVB-CT) models provide better intuitive description of these chromophores, as 

described in the following section. 

 

Figure 0.3. Timeline of 2nd order (top) and 3rd/5th order (bottom) TICT chromophores from references 8-
14, not including structures from this work. 

0.3 Valence-bond charge-transfer model of TICT chromophores. In valence-bond charge-

transfer (VB-CT) models, two resonance structures are considered: a neutral “valence bond” state 

and a charge separated “charge transfer” state, as shown for TMC-2 in Figure 0.1. By employing 

these resonance forms as the basis set of a two-state Hamiltonian, one can express the ground and 

excited state energy, dipole moment, and transition moments in terms of the energy between the 

VB and CT form (V, in eV), the coupling between the states (t, in eV) and the dipole moment of 
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the CT state (µ, in D). These values can then be used to define the diagonal components of a, b 

and g.37  

𝛼DD = 2𝑡8𝜇8 G√𝑉8 + 4𝑡8K
L

M         (0.6) 

𝛽DDD = 6𝑡8𝜇L𝑉 G√𝑉8 + 4𝑡8K
O

M         (0.7) 

𝛾DDDD = 24𝑡8𝜇.(𝑉8 − 𝑡8) G√𝑉8 + 4𝑡8K
R

M       (0.8) 

This approach can directly account for torsional angle, q,  by roughly estimating that t = 

cos(q)38 such that b can be expressed as a function of q for various values of V using eq. 0.7 (Figure 

0.4). In a chemical context, q is related to the amount of steric hindrance and environmental factors, 

and V depends on the electron affinity of the acceptor group, and the ionization energy of the donor 

moiety. From Figure 0.4, it is clear that for the appropriate donor/acceptor group pairing, b can 

improve by over an order of magnitude upon changing from a planar to highly twisted 

conformation. While this model does not exactly reproduce experimental values for TICT 

chromophores, it provides a sound qualitative justification of enhanced b upon twisting.  

 

Figure 0.4. Dependence of bzzz on torsional angle, modeled as t = cos(q), with varied V from 0.5 to 3 eV 
and µ = 1 D. 
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Consistent with the simple VB-CT model, as well as recent work on modulated 

conjugation,23,24 TICT chromophores exhibit some of the highest b values in open literature, 

several of which even approach the fundamental limits on b.12 However, the high performance of 

twisted chromophores is lost in polar solvents, and aggregate formation in concentrated solutions 

and polymeric matrices leads to a severe reduction in b. For example, the record holding 

chromophore TMC-3 exhibits µb ~-488,000 ´ 10-48 esu in dilute DCM solution, < -100,000 ´ 

10-48 esu in polar DMF solution, and in highly concentrated solution the response is essentially 

zero.30 The issue of poor performance in polar solvent is addressed in Chapter 1 through new 

chromophore design, and in Chapter 2 organic salt additives are proposed to mitigate aggregation 

in solution and the solid state.  

0.4 TICT chromophores for 3rd order NLO. 3rd order NLO materials are desirable for their 

nonlinear refraction, Re(g), or nonlinear absorption, Im(g). Im(g) allows materials to be transparent 

to non-intense light, but strongly absorb intense light of the same wavelength, making them useful 

for optical power limiting.39 Such materials are of critical importance for eye and sensor protection. 

Re(g)  causes intensity dependent changes in refractive index (the optical Kerr effect), which 

allows for the control of “light with light”, which is useful for all-optical switching schemes.7  

The first report of 3rd order response in TICT chromophores by He et al. showed that archetypal 

chromophore TMC-2 exhibits Re(g) = 1.4 × 10-33 esu at 800 nm, accompanied by a very small 

Im(g) = 3.43 × 10-35 esu.40 The large Re(g)/Im(g) ratio, and relatively large magnitude of Re(g) 

indicates that TICT chromophores are good candidates for all-optical switching. Covalent coupling 

of TMC-2 to cyanine dye IR-1061 showed further synergistic enhancement of g, though at the 

expense of optical transparency in the near IR region.34 Further efforts focused on increasing the 
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electron donating ability of the dicyanomethanide donor fragment, enhancing the acceptor group 

aromaticity, and reducing the torsional angle.35 Experimental results revealed that structural 

changes which raised the HOMO energy resulted in large increases in NLO response, though they 

were accompanied by a bathochromic shift of the linear absorbance, which eroded the optical 

transparency window. 

Re(g) is commonly related to tunable parameters by a 3-level truncation of the SOS expression 

(eq. 0.9), which has three terms referred to as negative (N), dipolar (D), and two-photon (TP) 

reading left to right.41 This static model does not account for resonant enhancement, though it 

demonstrates the continued importance of E01, µ01, and Dµ01. A more complete version of this 

expression can also account for near resonance conditions, which is critically important to 

balancing linear and nonlinear absorbance with Re(g). However, eq 0.9 is adequate for describing 

response far from resonance. 

 

𝛾 = −𝜇,9
.

𝐸,9L
S + 𝜇,9

8 ∆𝜇,98
𝐸,9L
S + 𝜇,9

8 𝜇988
𝐸,98 𝐸,8
S      (0.9) 

 
It appears that the main contribution to Re(g) in TICT chromophores arises from the D term, 

as the Dµ01 is large relative to transition moments µ01 and µ12, which could not reasonably lead to 

large N and TP terms. In Chapter 3, we extend the dipole moment of TMC-2 by adding a stilbene 

fragment, in hopes of further enhancing the D term. The resulting chromophore exhibits hybrid 

stilbene/TICT attributes leading to higher-order NLO effects, though the computed NLO response 

indicates improvement in Re(g) from the structural modification.  

0.5 Magneto-electric NLO response. Historically, it was thought that the magnetic field of 

light could not lead to optical nonlinearities at non-relativistic intensities. However, recent 
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evidence of magneto-electric (M-E) nonliterary in transparent, unstructured dielectrics, and 

subsequent development of the theory behind such effects has clearly shown that M-E effects are 

a relevant and unexplored branch of nonlinear optics.9,42-46 A detailed description of M-E 

nonlinearity is given in Chapter 4, which outlines some of the first published structure-property 

relationships in this field. 

 
 
 
 
  



 

 

 

 

 

Chapter 1. Unprecedented Large Hyperpolarizability of Twisted 
Chromophores in Polar Media  

 
 

Reproduced with permission from: 

Lou, Alexander J.-T.; Righetto, Stefania; Barger, Christopher; Zuccaccia, Cristiano; Cariati, 

Elena; Macchioni, Alceo; Marks, Tobin J. Journal of the American Chemical Society 2018, DOI: 

10.1021/jacs.8b04320. 

Copyright 2018 American Chemical Society. 

The work was performed in collaboration with the co-authors listed above. 
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Abstract. Twisted intramolecular charge transfer (TICT) chromophores can exhibit the 

exceptional second order nonlinearities (µb) required for high-performance electro-optic (E-O) 

materials. However, in low-polarity solvents, centrosymmetric aggregate formation reduces µb 

dramatically, while TICT chromophores in de-aggregating polar solvents suffer decreased 

response from environmentally driven changes in electronic structure. Here we report a series of 

benzimidazolium-based TICT chromophores with inter-aryl torsional angles between 64-77°. The 

most twisted of these, B2TMC-2, exhibits a large µb vec = -26,000 ´ 10-48 esu in dilute non-polar 

solution (1907 nm), and a similarly large µb vec= -20,370 ´ 10-48 esu in polar solvent as measured 

by DC electric-field induced second harmonic generation (EFISH). Sterically enforced inter-aryl 

torsional angles are observed by single crystal X-ray diffraction and solution phase Nuclear 

Overhauser Effect (NOE) NMR, and spectroscopic characterization reveals a 

zwitterionic/aromatic ground state electronic structure associated with the high µb. We show that 

increasingly disrupted conjugation is correlated with increased µb, even at intermediate twist 

angles. The excellent performance and reduced aggregation in polar solvents opens new avenues 

for bridging microscopic and macroscopic performance of these chromophores.  

1.1 Introduction. Second order organic nonlinear optical (NLO) materials are of great interest 

for their ability to generate, process, and switch optical signals for applications such as image 

reconstruction and optical telecommunication.11,12 In order to create useful optoelectronic devices, 

the constituent organic chromophores must possess a large molecular hyperpolarizability (µb), 

optical transparency, chemical and thermal stability, and be effectively incorporated into device-

ready materials. To date, organic materials have demonstrated excellent electro-optic coefficients 

in excess of 100 pm/V, as compared to 32 pm/V in the ubiquitous inorganic device material, 
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LiNbO3.12,30,47-50 Organic molecules have the attraction of being readily tuned structurally and 

electronically, and chromophores with large µb can be rationally designed using structure-property 

relationships developed over several decades.  

In the past, the majority of second order NLO designs have followed a simple paradigm in which 

the chromophores are composed of donor and acceptor functionalities, bridged by a planar π-

system. These “push-pull” systems typically possess a low-lying strongly polarized, charge 

transfer (CT) state, and can therefore be described by the simple “two-state model”, which provides 

a qualitative relationship between b and tunable molecular properties (eq. 1.1).10 Here b is related 

to the CT energy (Eeg), transition dipole moment (µeg), and the change in state dipole moment 

(Dµeg = µe - µg). 

𝛽 = A>?@>?@1

B?@1
          (1.1) 

 
Another approach, known as bond-length alternation (BLA), manipulates the contributions of 

CT limiting resonance forms to the ground state electronic structure in order to enhance µb.20,51,52 

BLA based chromophores (see CLD-1, Figure 1.1) generally contain donor and acceptor groups 

bridged by extended, planar, polyene backbones. Such structures have been critical to the 

elucidation of structure-property relationships and can exhibit µb  in excess of 17,600 ́  10-48 esu.53 

However, these BLA chromophores are often limited by photochemical and oxidative instability 

and rely on low-lying CT states which erode the optically transparent window in the near IR.53,54 

Other approaches such as multi-dimensional chromophores,55,56 modulated conjugation,24 and 

auxiliary donor/acceptors57 have also afforded promising increases in hyperpolarizability.  
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Figure 1.1. TICT chromophores TMC-2 and TMC-3, BLA inspired CLD-1, and BXTMC-2 
chromophores in this work.  

In 1997, Albert et al. challenged the notion that planarity was a prerequisite to large µb, 

suggesting that a twisted intramolecular charge transfer (TICT) chromophore could surpass 

previous efforts.28 Following this report, TICT chromophore TMC-3 was experimentally shown 

to exhibit µβvec = -488,000 ´ 10-48 esu (in dilute DCM solution) (Figure 2),28-31,33,36 exceeding the 

previous best µβ/MW by a factor of ~20´, and approaching the fundamental limits on b proposed 

by Kuzyk et al.12 The exceptional NLO response stems from a twisted bi-aryl bridge fragment and 

aromatic stabilization of the charge separated ground state, which leads to a low-lying CT (small 

Eeg) and large Dµeg.27 Further experimental work on TICT chromophores focused on, (1) the 

impact of torsional angle;36 (2) adding multiple twisted fragments;33 (3) extending the 

conjugation.30  

Nevertheless, while the NLO response of TICT chromophores is extraordinarily high in dilute, 

non-polar solution, these chromophores suffer from dipole driven aggregation, yielding anti-

parallel dimers for which µb = 0.30 This tendency poses a challenge when attempting to translate 

solution phase properties to host-guest polymer matrices, where high effective chromophore 
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concentration is required for useful bulk response.30,31 While polar environments can provide 

stabilizing interactions which disrupt aggregate formation, they also severely depress the NLO 

response of the aforementioned TICT chromophores. For example, at low concentrations, the 

maximum µb vec of TMC-3 in polar DMF is about 1/5 of that in DCM (Figure 1.2).31  

 

Figure 1.2. EFISH derived µbvec (solid lines) and PGSE NMR-derived aggregation number (dotted lines) 
of TMC-3 as a function of concentration in DCM (red diamonds), DMSO-d6 (black dotted line), and DMF 
(solid black lines). Figure reproduced from Ref. 31. 

The desire to translate molecular performance to bulk has been a long-standing goal within the 

community; past approaches include Langmuir-Blodgett films, polled polymers, layer-by-layer 

self-assembly, modification of the dielectric environment, and co-chromophore 

incorporation.10,11,18,58-60 However, as we will discuss herein, structural modification of the 

chromophores themselves is, in this case, a necessary and productive strategy. 

 In the present study, we substitute the pyridinium acceptor fragment in TMC-2 with a 

benzimidazolium acceptor, leading to changes in electronic structure and allowing the strategic 

placement of two sterically demanding alkyl substituents. The steric interaction of these alkyl 

substituents with ortho-methyl groups creates a significant twist angle between the donor and 

acceptor π-ring planes. The new BXTMC-2 family (Scheme 1.1) exhibits excellent stability, 
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solubility, and NLO performance. We show that unlike previous TICT generations, these 

chromophores perform well in polar media, opening routes towards device incorporation which  

Scheme 1.1. Synthesis and structures of BXTMC-2 chromophores. 

 
*Reagents and conditions: (i) phenylenediamine, 1,4-dioxane, bubbling air at 85° C; (ii) KOtBu, C6H13Br, 

KI (cat.), THF 60° C; (iii) malononitrile, NaOtBu, Pd(PPh3)4, DME, 85° C; (iv) KOtBu then C5H11OTf in 
acetone at 0° C.  

 
were previously unavailable for TICT chromophores. Furthermore, we characterize the key 

structural properties of these systems and use this information to augment previous observations 

of NLO response in relation to disrupted conjugation and intrinsic chromophore efficiency. 

1.2 Results. Having synthesized a series of benzimidazolium based TICT chromophores with 

varied expected torsional angles, we investigate their solid state and solution phase properties. 

Particular attention is paid to changes accompanying increased steric encumbrance, and to the 

relationship of BXTMC-2 to TMC-2. Single crystal X-ray diffraction and NMR spectroscopy are 

used to determine the molecular geometry, including the bi-aryl torsional angle. Linear optical 

absorbance in a range of solvents, vibrational spectroscopy, and electrochemical measurements 

provide a detailed description of the electronic structure and the environmental dependence 
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thereon. Nonlinear optical measurements using DC electric-field induced second harmonic 

generation (EFISH) are then used to determine µbvec and to assess aggregation tendencies.  

1.2.1 Synthesis of BXTMC-2 chromophores. The synthesis of the BXTMC-2 family (Scheme 

1.1) begins with condensation of phenylene diamine with the desired 4-bromo-benzaldehydes in 

the presence of air to form intermediates 1A-1C. The acidic protons are then removed, and 

selective N-alkylation is performed with 1-bromohexane. The aryl bromides in molecules 2A-2C 

can be efficiently converted to the corresponding dicyanomethanide functionalities via a Pd-

catalyzed coupling with malononitrile. The products of this reaction (3A-3C) appear by NMR to 

be the zwitterionic isomer, where the acidic malononitrile proton migrates to the benzimidazole 

ring. As such, it is then necessary to treat structures 3A-3C with base prior to alkylation to yield 

the final BXTMC-2 products, and to perform alkylation at low temperature to ensure selectivity. 

The identity and purity of the final products was confirmed by a standard battery of spectroscopic 

and physical methods as described below. 

1.2.2 BXTMC-2 solution structures by 1H and 15N NMR. 1H NMR spectra of the BXTMC-

2 chromophores in DMSO-d6 (Figure 1.3) shows two sets of signals in the aromatic region; (1) 

resonances at dH = 7.6 – 8.2 ppm associated with the electron-deficient benzimidazolium acceptor 

fragment; (2) and signals at dH = 6.6 – 7.5 ppm for the electron-rich aryl donor fragment. Hc in 

DMSO-d6 shifts to higher field with increased bi-aryl torsion, from B0TMC-2 (dH = 6.97 ppm) to 

B1TMC-2 (dH ~ 6.82 ppm) and B2TMC-2 (dH = 6.68 ppm) indicating an increased electron-

richness in that molecular fragment. Both increasing the NOE NMR determined twist angle (see 

more below) and addition of electron donating methyl groups likely contribute to these shifts. The 
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acceptor peaks (He, Hf) do not appear to be very sensitive to such changes, and exhibit DdH < 0.1 

ppm between B0- and B2TMC-2.  

 
Figure 1.3. 1H NMR spectra of BXTMC-2 in DMSO-d6: B0TMC-2 (green), B1TMC-2 (blue) and 
B2TMC-2 (black). Peaks related to Hc are bracketed in red; He and Hf are in purple. 

 

Figure 1.4. Left: Superimposed 1H,15N HMBC NMR spectra of BXTMC-2 in DMSO-d6. Right: Trend of 
d15N (ppm) as a function of the inverse of the HOMO-LUMO energy gap (1/ECT). 

In contrast to the above 1H aromatic chemical shift trends, the 15N chemical shifts (d15N) of 

benzimidazolium resonances (Figure 1.4, left) are displaced significantly and systematically 

within the BXTMC-2 series, with d15N increasing from B0- (-216.8 ppm) to B1- (-214.0 ppm) and 

B2TMC-2 (-212.7 ppm). The observed d15N trend reasonably reflects increasing accumulation of 

positive charge at the benzimidazolium nitrogen atoms on progressing from B0TMC-2 to 

B2TMC-2,61-63  and indicates an increasing contribution of the aromatic resonance form to the 
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ground-state structure.64,65 This is consistent with an increased de-shielding along the series as 

demonstrated by the linear shift of d15N with trends in the HOMO-LUMO energy gap (ECT, Table 

1.2), according to the Ramsey equation (Figure 1.4, right).66-68 Comparison of relative d15N values 

indicates a larger variation of the bi-aryl torsion between B0- and B1TMC-2 than between B1- 

and B2TMC-2, in agreement with NOE data (see below).  

1.2.3 Crystallographic characterization of BXTMC-2 chromophores. Single crystal 

diffraction characterization provides insight both into the molecular geometries of the 

chromophores, as well as the modes of solid state intermolecular interactions operative (Figures 

1.5 and 1.6). Large bi-aryl torsional angles of 70, 89, 79 are observed for B0-, B1-, and B2TMC-

2 respectively, confirming the steric contribution of both H/CH2 and CH3/CH2 repulsions. Two 

key bond distances are also examined (Figure 1.5). First, the bridging (ring)C-C(ring) bond 

distance is 1.465(4), 1.474(8), and 1.478(4) Å for B0-, B1-, and B2TMC-2, respectively. The 

(ring)C-C(ring) bond lengths are more similar to those observed for bi-mesitylene (1.501 Å)69 and 

bi-aryls (1.487 Å)70 than typical C=C bonds (~1.33 Å),71 indicating that all three molecules are 

best described by linked aromatic structures rather than as quinones. The lengthening which 

accompanies added methyl groups likely results both from torsion, which reduces double bond 

character, and steric repulsion. Structural data are summarized in Table 1.1.  

 

Figure 1.5. ORTEP drawing of chromophore B2TMC-2 with 30% probability ellipsoids showing key bond 
metrical parameters. 
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The second key bond distance, (ring)C-C(CN)2, is found to be 1.445(4), 1.438(8), and 1.450(4) 

Å for B0-, B1-, and B2TMC-2 respectively (Table 1.1).  These values are longer the analogous 

bond lengths found in quinoidal TCNQ (1.373 Å),72 suggesting that the dicyanomethanide group 

supports significant negative charge. The increase in bond length between B1- and B2TMC-2 is 

indicative of increased aromatic character, consistent with the observed lengthening of the ring(C)-

(C)ring bond. The similarity of B0- and B1TMC-2 ring(C)-C(CN)2 distances may be a 

coincidental result of different packing structures; BoTMC-2 exhibits close contact between donor 

and acceptor of adjacent molecules potentially stabilizing the negative charge.  

 

 
Figure 1.6. Crystal structures of the BXTMC-2 chromophore series. Left: packing of the tetrameric 
centrosymmetric unit cells (alkyl groups excluded for clarity). Right: Closest packed dimeric structures 
with relevant packing distances measured in Å. 
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Table 1.1. Crystallographic bond and intermolecular packing distances 

 Distance (Å) 

 (ring)C-C(ring) (ring)C-C(CN)2 Packing distance Bi-aryl torsion 

B0TMC-2 1.465(4) 1.445(4) 9.225(6) 70 

B1TMC-2 1.474(8) 1.438(8) 7.636(8) 89 

B2TMC-2 1.478(4) 1.450(4) 7.175(4) 79 

 

The BXTMC-2 crystal structures all exhibit anti-parallel dimer packing within the 

centrosymmetric tetramers which constitutes the unit cell (Figure 1.6). The distance between the 

bridging carbon on the donor ring of the anti-parallel aligned pairs provides an estimate of the 

closeness of the intermolecular interaction. This distance contracts on progressing from BoTMC-

2 (9.220(6) Å) to B1TMC-2 (7.636(8) Å) and B2TMC-2 (7.175(4) Å), suggesting stronger 

intermolecular interactions, particularly in B2TMC-2. This trend is in agreement with a computed 

increase in ground state dipole moment, which is likely a driving force in these interactions. There 

is no evidence of co-crystalized solvent associated with these structures, and the unit cells lack 

solvent accessible voids.  

1.2.4 Nuclear Overhauser effect (NOE) NMR characterization of chromophore structures 

in solution. 1H-1H NOE NMR experiments, which measure through space dipolar coupling, were 

undertaken in DMSO-d6 to estimate the average twist angle in solution for the BXTMC-2 

chromophore series. For B2TMC-2, NOE measurements were carried out by irradiating the Me 

singlet (dH = 1.93 ppm at 298K) and measuring NOEs at both Ha and Hc (Scheme 1.2). For 

B0TMC-2, the Hd doublet (dH = 7.44 ppm at 298K) was irradiated and NOEs were measured on 

Ha. In the case of B1TMC-2 both the Me singlet (dH = 2.02 ppm at 298K) and the Hd doublet (dH 

= 7.31 ppm at 298K) were irradiated, and the following NOEs were quantified: Me-Hc, Me-Ha, 
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and Hd-Hb. From the measured NOEs, average values of cross relaxation rate constants (<tIS>)73 

at different temperatures and average internuclear distances <rIS>74 were obtained using the 

methodology described previously.30 

Scheme 1.2. BXTMC-2 chromophore structures and labeling scheme showing syn and anti configurations.  

 

 

Figure 1.7. Computed average distance <rIS> for B0TMC-2 (Hd-Ha), B1TMC-2 (Me-Ha and Hd-Hb) and 
B2TMC-2 (Me-Ha) chromophores in the solid state as a function of dihedral twist angle (q). The cross 
points indicate the experimentally NOE-derived distances and the corresponding average twist angle in 
solution. 

In order to correlate the average internuclear distance measured in solution between aromatic 

(Me or Hd groups) and benzimidazole (Ha and Hb protons) moieties with the average twist angle 

(q) in solution, average internuclear distances were computed, under rIS-6 averaging,75 for seven 
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static conformations (q approximately equal to 60°, 65°, 70°, 75°, 80°, 85° and 90°) starting from 

the solid state X-ray structures of the BXTMC-2 series. Considering the simplified approach, the 

computed average distances, reported in Figure 1.5, are somewhat biased toward shorter distances 

(i.e., toward the distance of closest approach); consequently, the derived twist angles in solution 

(cross points in Figure 1.5) are somewhat underestimated, and should be better considered as a 

lower limit for q. There is no doubt that B0TMC-2 exhibits the smallest twist angle (64°) in 

solution (Figure 1.7). However, B1- and B2TMC-2 are found to have very similar twist angles 

(77-78° and 76°, respectively), according to the present analysis. From this analysis, it is clear that 

both Me/CH2 and H/CH2 interactions play a significant role in bi-aryl torsion. The similarity of 

the B1- and B2TMC-2 torsional angles is addressed in the discussion section.  

1.2.5 Infrared (FTIR) vibrational spectroscopy. BXTMC-2 compounds were characterized 

by FTIR both as solids and in DCM solution. The key feature of these spectra is the characteristic 

CºN stretching, v(CºN), with a lower energy side component, presumably the symmetrically and 

anti-symmetrically coupled modes (Figure 1.8). In the solid state, B1- and B2TMC-2 exhibit 

v(CºN) = (2168, 2133 cm-1) while B0TMC-2 exhibits a slightly higher energy side band at 2128 

cm-1.  The energy and splitting of the bands is similar to a phenyl malononitrile anion (v(CºN) = 

2163, 2117 cm-1),76 indicating that the dicyanomethanide groups in BXTMC-2 bear a large 

amount of electron density.  

In solution, all BXTMC-2 chromophore molecules display significantly higher energy v(CºN) 

stretching modes than as solids, and v(CºN) falls in energy from B0- (2176 cm-1) to B1- (2174 

cm-1) and B2TMC-2 (2172 cm-1). This trend indicates a slight increase in electron density on the 

dicyanomethanide group accompanying the addition of methyl groups. The low energy side band 
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is also higher in energy than in the solid state (2139 cm-1 for all compounds). These observations 

suggest that the BXTMC-2 chromophores exhibit predominantly zwitterionic character both in 

solution and solid state. 

 

Figure 1.8. FTIR vibrational spectra of B0TMC-2 (green), B1TMC-2 (blue), and B2TMC-2 (black); (A) 
solid (ATR); (B) DCM solution. 

1.2.6 Linear optical absorption spectroscopy as a function of solvent. The solution optical 

absorption of the BXTMC-2 family (Figure 1.9A) all exhibit a broad low-lying charge transfer 

(CT) absorption (434 nm – 408 nm) and a higher energy transition (315 nm – 328 nm). The 

intensity of the CT peak decreases from e = 24,928 M-1cm-1 in BoTMC-2 to e = 8156 M-1cm-1 in 

B2TMC-2. Such reduction in transition intensity suggests increasingly disrupted conjugation, 

which is in agreement with reduced NOE and crystallographic torsional angles for B0TMC-2, but 

not for B1 and B2TMC-2. This discrepancy is addressed in detail in the Discussion Section. By 
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integrating the CT peaks, one can also extract transition moments (µeg), which reveal relatively 

large transition strengths of 5.45 D in B0TMC-2 and 3.43 D in B2TMC-2 as compared to 2.1 D 

in TMC-2 (Table 1.2). The fall in transition intensity is accompanied by a ~27 nm hypsochromic 

shift from B0TMC-2 to B1TMC-2 to B2TMC-2 in DCM. The higher energy excitation, attributed 

to a sub-fragment transition, also undergoes a ~13 nm bathochromic shift, along with a slight 

increase in transition strength from B0TMC-2 to B2TMC-2. The behavior in Figure 1.9A is 

typical of TICT chromophores; as conjugation is disrupted, both sub-fragments of the molecule 

become isolated and their own characteristic transitions begin to dominate.36 

Table 1.2. BXTMC-2 optical absorption and electrochemical data.a  

 lCT 
(nm) 

ECT (DCMf) 

(eV) 

Dl 
(nm)h 

E (ACN)g 
µeg(D)d µg(D)b Dµeg(D)c 

Eox (V) Ered (V) 

B0TMC-2 434 2.55 -64 0.24 -1.94 5.45 21.2 -12.3 

B1TMC-2 415 2.62 -65 0.36 -2.03 4.72 23.5 -13.0 

B2TMC-2 408 2.67 -57 0.34 -2.10 3.43 24.6 -13.7 

TMC-2e 556 2.18 ~-180 0.39 -1.56 2.10 29.8 -21.4 
aAll values reported are measured in DCM solution except where noted otherwise. b calculated using 

CAM-B3LYP/6-31G**. c extracted from linear absorption using the McRae equation, see SI for details. d 
extracted from linear absorption, see SI for details. e data from ref. 5. f optical HOMO-LUMO gap estimated 
from onset of CT absorption g measured from signal onset h Solvent shift from CHCl3 to MeOH 

Solvent-dependent spectra (Figure 1.9B) reveal negative solvatochromic shifts of the CT band, 

meaning that CT energy (ECT) increases with solvent polarity (the shift between MeOH and CHCl3 

is reported as Dl in Table 2). Such shifts indicate that the ground state dipole moment is larger 

than that of the first excited state (Dµeg < 0), and therefore is stabilized by the increase in solvent 

polarity. The value of ECT is determined by Gaussian fitting of the CT peak to deconvolute from 

the sub-fragment transition (Table 1.2). The McRae equation then provides a simple means to 



 

 

45 

 

calculate Dµeg by plotting the change in ECT in various solvents against a solvent polarity function 

f(e, n).77-79 

v – v0 = -m ´ f(e, n2)          (1.2) 

 

Here n is refractive index and e is the solvent dielectric constant, and v - v0 is the difference 

between the CT frequency (in cm-1) in a given solvent and in vacuum. By relating the slope, m, to 

Dµeg, an increase in Dµeg from -12.3 D in B0TMC-2 to -13.7 D in B2TMC-2 is calculated (Table 

1.2). UV-Vis absorption spectra of neat films are found in all cases to be similar to those in acetone 

solution, demonstrating that the molecules behave comparably as solids and in relatively polar 

solutions. 

 
Figure 1.9. UV-Vis linear optical absorption spectra of BXTMC-2 chromophores. (A) BXTMC-2 
chromophores in DCM solution; (B) B0TMC-2 in the indicated solvents and as film. 
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1.2.7 BXTMC-2 cyclic voltammetry. Chromophores B1- and B2TMC-2 exhibit reversible 

reduction at -2.03 and -2.10 V, respectively, while the reduction of B0TMC-2 is irreversible at -

1.94 V (Table 1.2). Oxidation is irreversible for all chromophores, with an onset between 0.24 – 

0.36 V. From the oxidation and reduction potentials, the HOMO-LUMO gaps are estimated to be 

2.18, 2.39, and 2.44 eV for B0-, B1-, and B2TMC-2, respectively; on average ~0.3 eV lower than 

the optical ECT, possibly reflecting some mixed character in the optical transitions and solvation 

reorganization in redox processes.80  

1.2.8 NLO measurements. Measurements of µβvec, the product of the chromophore dipole 

moment (µ) and the vector part of the molecular first-order hyperpolarizability βvec tensor along 

the µ direction, were performed by the solution-phase DC EFISH method, which provides direct 

information on the intrinsic molecular nonlinear optical (NLO) response via eq. 1.3.  

 
γEFISH = (µβ/5kT) + γ(−2ω; ω, ω, 0)                 (1.3) 

 
Here, µβ/5kT is the dipolar orientational contribution, and γ(−2ω;ω,ω,0), the third-order term at 

frequency ω of the incident light, is the electronic contribution to γEFISH, which is negligible for 

molecules of the type investigated here.81 EFISH measurements at 1907 nm were performed over 

a concentration range in DCM and DMF to determine, (1) trends in the monomeric response of 

the BXTMC-2 chromophores in highly dilute solutions; (2) the dependence on solvent 

environment; (3) the effect of aggregation in different solvent environments. It is well known that 

highly polar TICT chromophores have a strong tendency to aggregate in solution,30 so the most 

dilute reliable measurement for each chromophore was taken to be representative of monomeric 

µβvec. Note that this value reflects the lower bound of µβvec, particularly in the case of B1TMC-2 
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for which larger values were recorded at higher dilution but with greater uncertainty. 

Measurements in DCM reveal very large monomeric µβvec= -26,000´10-48 esu for B2TMC-2, and 

µβvec of -11,730 and -10,300´10-48 esu for B1TMC-2 and B0TMC-2 respectively (Figure 1.10A). 

The response of B2TMC-2 is on the order of the monomeric response of TMC-2 (Figure 1.1; 

µβvec=-24,000´10-48 esu), despite increases in ECT and a reduced Dµeg. 

EFISH measurements on B2TMC-2 solutions in polar DMF (Figure 1.10B) reveal an NLO 

response of µβvec= -20,370´10-48 esu, which is similar to the measured value in DCM, and about 

4´ higher than TMC-2 (-5,620´10-48 esu) under the same conditions. B1TMC-2 shows a similarly 

high value of µβvec= -12,740´10-48 esu in DMF compared to -11,730´10-48 esu in DCM (Table 

1.3). These observations are in sharp contrast to all previous TICT chromophores, which suffer 

massively decreased NLO responses in polar solvents (Figures 1.1 and 1.10B).  

With the exception of B0TMC-2, a significant decrease in µβvec is observed with increasing 

concentration in the range of 10-5 – 10-3 M in DCM. This behavior is consistent with the formation 

of centrosymmetric aggregates (for which µβvec = 0), and mirrors previous observations on TMC-

2 in DCM (Figure 1.10). The concentration dependence of NLO response is much more 

pronounced in the most twisted chromophore (B2TMC-2) than in the least twisted (B0TMC-2), 

likely reflecting the dipole moment enhancement which accompanies bi-aryl torsion. The use of 

more polar DMF appears to mitigate these effects, and shifts the decreases in NLO response 

towards higher concentrations (Figure 1.10B). 
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Table 1.3. EFISH results for BXTMC-2 chromophores in DCM and DMF at 1907 nm 

 µB (esu ´ 10-48)a b (esu ´ 10-30)b 

 DCM DMF DCM DMF 

B0TMC-2 -10,300 -8,400 -486 -396 

B1TMC-2 -11,730 -12,740 -499 -542 

B2TMC-2 -26,000 -20,370 -1,056 -828 

TMC-2c -24,000 -5,620 -805 -189 
a Highest dilution with reliable data is used to estimate µβvec. b calculated using DFT derived dipole 

moments in Table 1. c data from ref. 5. 
 

 

Figure 1.10. EFISH measurements of BXTMC-2 chromophores at 1907 nm (A) in DCM, with TMC-2 
data from ref. 5; (B) comparison of µb in DCM (solid lines) and DMF (dashed lines) for B2TMC-2 and 
TMC-2. 
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1.3 Discussion. 
 

1.3.1 Synthesis of the BXTMC-2 family. The synthetic route in Scheme 1 used to create 

BXTMC-2 chromophores offers some significant advantages over the previous generations; (1) 

the final product here can be obtained in only 4 steps; (2) there is an opportunity to introduce 

asymmetric or functionalized sidechains; (3) introduction of the steric bulk in two separate steps 

leads to high yields and a further degree of synthetic flexibility. By forming the benzimidazolium 

acceptor group via annulation rather than coupling, we avoid repeated use of aryl halide 

functionality, significantly reducing the number of required synthetic steps. Furthermore, 

BXTMC-2 family exhibits excellent thermal stability, with thermogravimetric analysis derived 

decomposition temperatures in excess of 310 °C (Figure S1.5). 

1.3.2 BXTMC-2 electronic structure. The ground state electronic structure of BXTMC-2 

chromophores can be represented as a hybrid of aromatic and quinoidal resonance forms (Figure 

1.11). As shown in the Results section, all three BXTMC-2 chromophores are best described by  

 

Figure 1.11. Quinoidal and aromatic contributions to the BXTMC-2 electronic structure. 

some mix of zwitterionic/aromatic (ZA) and quinoidal/neutral (NQ) structures. The 

crystallographic (ring)C-C(ring) bond lengths are similar to those found in bi-aryls and bi-

mesitylene, and vibrational frequencies of the C(CN)2 group show that the donor group bears an 
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essentially full negative charge. This is consistent with previous work by Isborn et al., which notes 

that even at modest twist angles, aromatic stabilization of the donor and acceptor imparts dominant 

ZA character in similar molecules.82 However, there is also evidence here supporting a subtle 

increase in ZA character from B0- to B1- and B2TMC-2. Shifts of the 1H and 15N NMR resonance 

positions, increased solvatochromic shifts, lengthening of crystallographically derived (ring)C-

C(ring) bond distances, and increased v(CºN) energies support the trend in ZA character 

increasing in the progression, B0- < B1- < B2TMC-2.  

While both crystallographic and NOE characterization data definitively show that Me/CH2 

interactions lead to larger twist angles (q) than do H/CH2, they also indicate similar q for B1- and 

B2TMC-2. This is in contrast to the decrease in the measured CT transition moment (µeg) for B2- 

versus B1TMC-2, which suggests a reduction of conjugation. The reason for this observed 

discrepancy may relate to the dynamic nature of q. Although the two chromophores have similar 

average q by NOE, they are able to access a range of q through thermal excitation of the vibrational 

ring-twisting mode. As added Me/CH2 interactions are shown to increase twisting, it is reasonable 

that B2TMC-2, with twice the steric resistance, is less able to access smaller q values than 

B1TMC-2 at a given temperature. So, despite having similar average q, thermal energy more 

easily populates less twisted configurations with large µeg for B1TMC-2, leading to larger 

observed CT absorption than for B2TMC-2. It should be noted that quantum computation 

indicates that the BXTMC-2 chromophores will exhibit similar q values in DCM and DMSO, and 

so we have successfully accessed intermediate q in polar and nonpolar solution which are less than 

80°, but still deviate significantly from planarity. 
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Figure 1.12. HOMO and LUMO contours of BXTMC-2 chromophores with 40° and 90° twist angles. 

1.3.3 Comparison to TMC-2 and previous TICT chromophores. Comparison to other TICT 

chromophores sheds light on the impact of the benzimidazolium group as compared to other 

acceptors previously employed. The transition moments, even in B2TMC-2 (e = 8156 M-1cm-1) 

are markedly greater than those reported for TMC-2 (e = 1840 M-1cm-1) and TMC-3 (e = 2090 M-

1cm-1), likely reflecting the reduced torsional angles. The enhanced transition moment may also 

relate to the change in acceptor group, which dictates the attributes of the LUMO. Electronic 

structure calculations show that a large portion of the LUMO electron density is located on the 

bridging carbon, yielding a strong overlap with HOMO located on the donor fragment, particularly 

at intermediate torsional angles (Figure 1.12).  

The BXTMC-2 CT transition in the 407-434 nm range is at much higher energy than that of 

previous twisted chromophores (lCT = 569 nm for TMC-2), due to the ~0.5 eV increase of the 

LUMO level as compared to TMC-2. This constitutes a significant advantage; a device utilizing 

BXTMC-2 chromophores could operate without linear loss in a far broader spectral window. In 

fact, the absorption edge in polar solvents is close to the visible region cutoff, making a high 

performance photonic device material with visible region transparency a distinct possibility.  
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Despite relatively large ground state dipole moments, the BXTMC-2 chromophores are less 

sensitive to solvent environment than any previous second order NLO TICT chromophore. The 

maximum measured solvatochromic shift (measured from CHCl3 to MeOH) of B2TMC-2 is -57 

nm, as compared to ~-180 nm for TMC-2, showing that replacement of the pyridinium fragment 

with benzimidazolium significantly reduces the dependence of the relative energy level spacing 

on the dielectric environment.  Several factors may contribute to this observation: (1) the 

positioning of the bulky alkyl groups may reduce solvent interactions with the acceptor moiety; 

(2) the reduced CT distance versus TMC-2 decreases the dipole moment and therefore the 

importance of solvent stabilization; (3) the benzimidazolium acceptor provides more effective 

stabilization of the ground state positive charge than previous acceptor groups. 

1.3.4 Monomeric NLO response in DCM and DMF. The contribution of both CH2/H and 

CH2/CH3 steric interactions to the bi-aryl torsion allows access to intermediate solution twist 

angles which were not available in previous studies. The present evidence suggests that twist angle 

is directly related to µβvec, and that the highest nonlinear response is achieved above 70°. The 

justification for large NLO response of this nature is now well-known to arise from the ZA/NQ 

balance in the molecule.29,35 Twisting, or otherwise disrupting conjugation, serves to 

simultaneously destabilize the ground state, stabilize the excited state, and create very large charge 

separation leading to giant dipole moments. The large NLO response is a consequence of these 

factors, as shown by extensive experimental and computational work. This concept has also been 

demonstrated by recent theoretical work showing enhanced b with disrupted conjugation, as 

provided by large torsional angles.23,24  

In the past, TICT chromophores performed poorly in polar environments, despite marked 

decreases in aggregation.30,36 For TMC-2, NLO response was shown both experimentally and 
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computationally to peak in moderately polar solvents, then diminish with increasing polarity. This 

behavior was attributed to the stabilization of the zwitterionic ground state relative to the excited 

state manifold in highly polar environments.29,83,84 In the case of B2TMC-2, the high NLO 

response observed in DMF is likely a result of reduced sensitivity to solvent polarity, as evidenced 

by relatively weak solvatochromic shifts (Dl in Table 1.2). Of the TICT chromophores 

characterized to date, B2TMC-2 shows the highest reported nonlinearity to date in DMF at 10-3 

M (the highest measured concentration), highlighting the newfound ability to benefit from polar 

environments. It should be noted that according to the two-level model, changes in the linear 

absorption should lead to decreased NLO response in DMF versus DCM. However, it was 

previously noted that the two-level model does not always properly capture the impact of the 

dielectric medium.60 

1.3.5 Concentration-dependence of NLO response. In DCM, the aggregation tendencies of 

B2TMC-2 and TMC-2 are similar; high responses observed at low concentrations quickly 

diminish in the range of 10-4 – 10-5 M. The observed aggregation tendencies are consistent with 

the tightly packed centrosymmetric unit cells in the crystal structures of B1TMC-2 and B2TMC-

2. The relatively short linear alkyl groups used here do not prevent interactions between the donor 

group and the face of the benzimidazolium fragment, as evidenced by the crystallographic packing.  

However, the design of BXTMC-2 allows for facile modification of the sidechains; adding 

branched or dendritic groups has proven effective in the past, and may be used to prevent close 

access to the face of the acceptor moiety.36,85 Aggregation of B2TMC-2 is less favorable in DMF, 

as shown by a decrease in NLO response which occurs at higher concentrations, in the range of 

10-3 – 10-4 M. Such improvements are encouraging, but clearly must be supplemented by the 

aforementioned chemical modification of the sidechains. Should this strategy prove effective in 
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mitigating aggregation, it could be combined with the use of polar matrices, which had not been 

compatible with large NLO response in TICT chromophores until this point.  

Table 1.4. Computed theoretical (bmax) and intrinsic (bint), and EFISH (bEFISH) hyperpolarizability in DCM 
at 1907 nm 

 b (´ 10-30 esu) 

bEFISH bmax bint 

B0TMC-2 -486 -3370 0.14 

B1TMC-2 -499 -3070 0.16 

B2TMC-2 -1056 -2870 0.37 

 

1.3.6 Intrinsic NLO response. In order to compare systems of different size and properties, it 

is useful to examine the intrinsic hyperpolarizability defined by Kuzyk as bint = (observed 

b)/(theoretical maximum, bmax), for a structure with a particular number of polarizable electrons 

and a characteristic low-lying optical transition.12 B2TMC-2 yields a remarkably high bint = 0.37, 

which is one of the largest values ever reported in the open literature (Table 4). Even modestly 

twisted B0TMC-2 exhibits a large bint = 0.14, still remarkably higher than the vast majority of 

efforts which lie below 10-3/2. Thus, the BXTMC-2 chromophore series has proven capable of 

large NLO response arising from the efficient application of a small number of electrons. 

1.4 Conclusions. A new series of twisted π-system electro-optic chromophores was synthesized 

by expeditious new routes and shown to be qualitatively similar to previous TICT generations, 

with large ground state dipole moments, low-lying CT transitions, and primarily 

zwitterionic/aromatic character. The same theories which justified NLO response in the past also 

apply here, as evidenced by the dependence of µb on twist angle. The introduction of steric 
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hindrance using a benzimidazole moiety permits access to intermediate torsional angles and 

demonstrates the effect of experimentally twisting in this range for the first time.  

The highlight of the present work is the strong NLO performance of chromophore B2TMC-2 in 

DMF, which represents a 5´ increase over archetypical chromophore TMC-2. We recognize that 

it is now possible to perform EFISH and E-O measurements in highly polar environment, opening 

new pathways to address detrimental aggregation. We are now pursuing promising directions 

involving modification of solvent polarity through addition of organic salts, means of artificially 

increasing polymer matrix polarity, and introduction of dendritic sidechains. The use of highly 

polar matrices may be a key factor in preventing aggregate formation and realizing the exciting 

full potential of TICT chromophores. 
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Chapter 2. Organic Salts Suppress Aggregation and Enhance 
Hyperpolarizability of a p-Twisted Chromophore 
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Abstract. Twisted intramolecular charge transfer (TICT) chromophores exhibit extraordinary 

hyperpolarizability, b, and are therefore promising candidates for electro-optic devices. However, 

they are limited by aggregate formation which severely diminishes b in concentrated solutions or 

polymer matrices. Here we report the impact of organic salt additives on the linear and nonlinear 

optical response of a recently developed high- b TICT chromophore, B2TMC-2. Addition of 

Bu4P+Brˉ to B2TMC-2 solutions in CHCl3 causes halochromic blue-shifting of the charge transfer 

absorption maximum to < 400 nm, primarily resulting from strong interactions between Bu4P+Brˉ 

and the B2TMC-2 cationic terminus. DC electric-field induced second harmonic generation 

(EFISH) measurements in Bu4P+Brˉ/CHCl3 reveal a large µb = -22,160 ´ 10-48 esu in dilute 

solution, which is unprecedented for any chromophore with such a broad optical transparency 

window. Moreover, Bu4P+Brˉ is shown here to mitigate B2TMC-2 aggregate formation, 

preserving high µb in concentrated solutions. Including Bu4P+Brˉ can beneficially modify the 

chromophore environment in solution and polymer films; we anticipate that given the diverse array 

of available organic salts, these interactions can be improved and extended to other chromophores. 

2.1 Introduction. Electro-optic (E-O) materials are of interest for applications in 

telecommunications, image processing, and sensing.11 The E-O response in organic materials 

depends, among other factors, on the hyperpolarizability (b) of the individual molecular 

constituents. Therefore, intense investigations have concentrated on designing suitable 

chromophores with high b values and low optical absorbance at telecommunication wavelengths.52 

Our efforts focus on twisted π-system intramolecular charge transfer (TICT) chromophores,  

composed of donor and acceptor moieties separated by a twisted bi-aryl fragment.30 Their 

remarkable b  values arise from a large ground state dipole moment (µ) and careful balancing of 
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aromatic/zwitterionic and quinoidal/neutral electronic structure contributions, which are primarily 

dictated by the degree of bi-aryl torsion (Figure 2.1, bottom).86 However, while TICT 

chromophores exhibit very large µb values in dilute solution, translating this performance to 

device-ready materials has proven challenging; the large µ that is critical to high b  also drives the 

formation of centrosymmetric aggregates for which µb approaches zero. Thus, TICT 

chromophores do not realize their full potential in concentrated solutions or in host-guest 

polymer/chromophore films.33 Previously, polar solvents such as DMF were shown to suppress 

aggregation, but also increased the HOMO/LUMO energy  gap resulting in unacceptably reduced 

µb.30 Only recently we reported a new chromophore B2TMC-2 (Figure 2.1, top), which combines 

reduced aggregation and good performance (µb ~ -20,730 ´ 10-48 esu) in polar solvents such as 

DMF.32 This development motivates the approach described here. 

 

Figure 2.1. Top: TICT chromophore B2TMC-2 (with labeled aromatic protons) and organic salts Bu4P+Br- 
and Bu4N+Br-. Bottom: Aromatic and quinoidal resonance forms of B2TMC-2. 

In this work, we seek to mitigate TICT aggregation with organic salt additives (Figure 2.1), 

which may modify the effective solvent polarity87-89 and introduce new coulombic interactions that 

compete with electrostatic driven aggregation.90,91 Tetrabutylphosphonium bromide (Bu4P+Brˉ) 



 

 

59 

 

and tetrabutylammonium bromide (Bu4N+Brˉ) are selected as model salts due to their excellent 

stability, compatibility with organic solvents and polymers, and lack of visible absorption. 

2.2 Influence of Bu4P+Brˉ and Bu4N+Brˉ on linear absorption spectra, aromatic 1H NMR 

chemical shifts, and solution vibrational frequencies. The linear absorbance spectrum of 

B2TMC-2 (Figure 2.2A) is characterized by a charge transfer (CT) absorption (lCT = 425 nm in 

CHCl3) and a strong sub-fragment transition at ~320-340 nm. In 1.0 M Bu4P+Brˉ/CHCl3, lCT blue-

shifts to 391 nm, which is identical to an acetone solution. Based on the similar polarity of acetone 

(ET(30) = 42.2 kcal/mol) and Bu4P+Brˉ itself (ET(30) = 43.5 kcal/mol) as assessed by 

solvatochromic shift of Reichardt’s Dye, we expect this is essentially the limiting value of lCT.32,92 

The analogous ammonium salt yielded similar results; in 1.0 M Bu4N+Brˉ/CHCl3, B2TMC-2 

exhibits lCT = 395 nm (see Appendix). Note that changes in lCT are purely a result of salt-induced 

effects rather than aggregation, as confirmed by the absence of spectral changes upon dilution from 

10-4 to 10-6 M B2TMC-2 in pure CHCl3. 

To confirm that this behavior persists in a glassy polymer matrix, host/guest films were 

fabricated from poly(methylmethacrylate) host polymer (PMMA, e = 3.2 – 3.5), with ~15% (w/w) 

B2TMC-2 and Bu4P+Br- ranging from ~2 - 30 % (w/w). The hypsochromic shift from the pure 

PMMA/B2TMC-2 film (lCT = 398 nm) to a film with 30 % Bu4P+Br- (lCT = 385 nm) is smaller 

than in solution, but clearly indicates persistent Bu4P+Brˉ/B2TMC-2 interactions in the film. This 

demonstrates one of the main advantages of these additives; unlike a volatile organic solvent, 

Bu4P+Brˉ (a solid) can be used to tune the properties of a host polymer matrix.  
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Figure 2.2.  (A) Linear optical absorbance spectra of a 1.0 ´ 10-4 M CHCl3 solution of B2TMC-2 with 
varied Bu4P+Br- concentrations; (B) Aromatic region 1H-NMR chemical shifts of B2TMC-2 in CDCl3 
solutions as a function of the indicated Bu4P+Br- concentrations (labelling according to Figure 2.1) with the 
chemical shifts in DMSO shown for reference; (C) Acceptor group 1H-NMR chemical shifts and lCT as a 
function of Bu4P+Br- mol %. Concentrations refer to the amount of Bu4P+Br- in solution. 

The twisted bridge in B2TMC-2 serves to decouple the respective fragments, so that changes in 

the donor fragment 1H NMR chemical shifts (dHc) do not strongly impact the acceptor resonances 

(dHa and dHb), and vice versa. This segmentation allows for individual assessment of salt/donor and 

salt/acceptor effects. A solution with ~0.7 M Bu4P+Brˉ exhibits a ~0.07 ppm up-field shift of dHc 
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relative to pure CHCl3 solution, indicating increased electron density on the donor fragment 

(Figure 2.2B). Meanwhile, the acceptor peak Ha shifts 0.26 ppm down-field in the same solution, 

corresponding to increased electron deficiency of the acceptor fragment (Figure 2.2B). A parallel 

experiment using Bu4N+Brˉ reveals essentially identical trends (see Appendix). In both cases, the 

absence of multiple sets of signals rules out the formation of covalent salt/chromophore bonds. 

FT-IR vibrational spectroscopy was performed on solutions of B2TMC-2 in pure CHCl3, and 

with 0.05, 0.1, and 0.5 M Bu4P+Brˉ. There is a noticeable decrease in the energy of the cyano group 

stretching, v(CºN), from 2175 cm-1 in pure CHCl3 to 2172 cm-1 in 0.5 M Bu4P+Brˉ corresponding 

to slightly increased electron density on the carbanion.  

2.3 Anion-driven halochromism and preferential solvation. Halochromism is defined by 

Reichardt et al. as the change in lCT resulting from specific, coulombic interactions between a salt 

and a chromophore (loose ion-pair formation), in the absence of covalent bond formation.93 In 

B2TMC-2, such interactions would raise the ionization potential of the donor group or lower the 

electron affinity of the acceptor group, accounting for the observed negative shift in lCT.93 The 

large magnitude of the aforementioned salt-induced changes in dHa relative to dHc is indicative of 

a dominant specific coulombic interaction between the B2TMC-2 cationic acceptor group and Brˉ. 

This is likely a result of the bulky Bu4P+ n-butyl groups, which limit its electrostatic interactions 

with both the Brˉ anion and the anionic B2TMC-2 donor group, consistent with the small observed 

shifts in v(CºN) noted above.93,94 The weak ion-pairing between Bu4P+ and Brˉ increases the 

availability of the Brˉ anion to interact with the acceptor group resulting in a large change in dHa 

and lCT. Thus, the spectroscopic evidence supports that the Bu4P+Brˉ and Bu4N+Brˉ /B2TMC-2 

systems exhibits genuine negative halochromism, and that the shift in lCT primarily results from 
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the decreased electron affinity of the benzimidazolium fragment. The relative strength of the 

acceptor/Brˉ interaction is supported by the comparison of  the reported crystallographic distances 

between the charged atoms of representative ion pairs (see Figure S2.6); Bu4N+/dicyanomethanide 

(~4.7-5.6 Å)95,96 > benzimidazolium/dicyanomethanide of neighboring B2TMC-2 molecules 

(~4.5 Å)32 > Bu4P+/Brˉ (~4.1-4.4 Å)97 > benzimidazolium/Br- (~3.8-4.1 Å).98,99 The shorter ion 

pair distance generally reflects a stronger coulombic interaction. 

Halochromism is often accompanied by preferential solvation, meaning that the solvation shell 

of B2TMC-2 has a disproportionally high amount of Bu4P+Brˉ compared to the bulk solution 

composition.100,101 This manifests as large spectroscopic changes at low concentration, which 

begin to approach a limiting value at  < 20 mol % Bu4P+Brˉ (Figure 2.2C), presumably as the salt 

saturates the B2TMC-2 solvent shell. As such, further addition of Bu4P+Brˉ is unlikely to result in 

significant spectroscopic changes. 

2.4 EFISH measurements of solution NLO response. Measurements of µβvec, the product of 

the µ and the vector part of the molecular first-order hyperpolarizability βvec tensor along the µ 

direction, were performed by the solution-phase DC electric field induced second harmonic 

generation (EFISH) method, which provides direct information on the intrinsic molecular 

nonlinear optical (NLO) response via eq 2.1. Here, µβ/5kT is the dipolar orientational  

 
γEFISH = (µβ/5kT) + γ(−2ω; ω, ω, 0)                 (2.1) 

 
contribution, and γ(−2ω;ω,ω,0), the third-order term at frequency ω of the incident light, is the 

electronic contribution to γEFISH, which should be negligible for the type of molecules investigated 

here.81 To isolate the monomeric B2TMC-2 response in various environments and the impact of 

Bu4P+Br- on aggregation, EFISH measurements were performed on B2TMC-2 in five CHCl3 
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solutions having varied concentrations of Bu4P+Brˉ:  A (10-4 M, ~0.04 mg/mL Bu4P+Brˉ), B (0.05 

M, ~20 mg/mL), C (0.1 M, ~40 mg/mL), D (0.5 M, ~200 mg/mL), and pure CHCl3 (Figure 2.3). 

All measurements were performed in anhydrous solvent to ensure that the ion pairs remain intact, 

and control experiments indicated that salt itself has a negligible contribution to the measured 

µbvec. 

It is well established that the inverse relationship between concentration and µb in TICT 

chromophores is a result of chromophore aggregation, so the most dilute measurements are taken 

to be representative of monomeric bvec.30 Solution B (5.0 ´ 10-5 M) exhibits bvec = -923 ´ 10-30 esu, 

indicating that B2TMC-2 maintains high monomeric bvec in the presence of Bu4P+Brˉ as compared 

to pure DMF(-828 ´ 10-30 esu) or DCM (-1056 ´ 10-30 esu).  

 

Figure 2.3. EFISH derived µbvec as a function of B2TMC-2 concentration, at the indicated Bu4P+Br- 
concentrations in CHCl3 and in DCM: A (10-4 M), B (0.05 M); C (0.1 M); D (0.5 M). Lines are drawn to 
guide the eye. 

The effects of aggregation are qualitatively evidenced by the decrease in µbvec with increasing 

B2TMC-2 concentration (Figure 2.3). In solutions B-D, this characteristic diminution is shifted to 

higher concentrations of B2TMC-2, thereby extending the threshold for high µbvec by at least 5´ 

relative to CHCl3 solutions. The 10-4 M B2TMC-2 solutions offer a striking comparison; µbvec of 
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solutions B and D (~ -20,000 ´ 10-48 esu) far exceeds that of heavily aggregated CHCl3 (-2,160 ´ 

10-48 esu) and DCM (-9,660 ´ 10-48 esu) solutions. Even solution A (-13,000´ 10-48 esu) exhibits 

major enhancement, despite the low concentration of Bu4P+Brˉ (10-4 M).  

2.5 Role of Bu4P+Brˉ in improved NLO response. It is well known that µbvec is related to CT 

energy, transition strength and change in state dipole moment, all of which are reflected by linear 

absorbance.11 However, while salt-induced changes in these parameters certainly influence µbvec, 

they cannot reasonably account for the observed drastic improvements. Therefore, the increased 

response in solutions A-D must arise predominantly from the influence of Bu4P+Brˉ on aggregation 

tendencies of B2TMC-2.  

The proposed mechanism of disaggregation relates to the competition of dipolar and coulombic 

chromophore/chromophore interactions with coulombic salt/chromophore interactions. In salt-

free, moderately polar solvents, the dominant stabilizing interaction of TICT chromophores is the 

formation of centrosymmetric dimers, as supported by spectroscopic and crystallographic data.30,32 

The addition of Bu4P+Brˉ  introduces a new set of stabilizing interactions, evidenced by strong 

halochromic shifts, which are in direct competition with the columbic donor/acceptor attraction. 

In similar to polyzwitterion/salt systems, this type of coulombic interaction also screens the dipole-

dipole attractions that contribute to aggregation.102,103 This suppression of aggregate forming 

chromophore/chromophore interactions prevents the presence of centrosymmetric structures, 

leading to enhanced µbvec. Furthermore, preferential solvation causes disaggregating effects to 

manifest at very low concentration, as seen in solution A. The addition of more Bu4P+Brˉ improves 

µbvec, although the similarity of solutions B-D reflects the saturation of Bu4P+Brˉ in the solvation 

shell or the limit on interaction strength of this particular salt/chromophore pairing.  
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2.6 Conclusions. We have shown that Bu4P+Brˉ can significantly increase the solution phase 

µbvec of B2TMC-2 by introducing coulombic interactions which compete with B2TMC-2 

aggregation. Bu4P+Brˉ appears to function similarly in host/guest polymer films and can therefore 

be applied to E-O devices. Reducing the steric bulk of the cation, using an alkali or alkaline earth 

metal cation and organic anion, or employing multiply charged ions may improve the strength of 

the coulombic interactions, perhaps leading to further improvements. In addition to suppressing 

aggregation, salt additives provide an opportunity to blue-shift lCT, which could lead to organic 

E-O modulators with very wide operating windows and reduced likelihood of photochemical 

damage.54 Our exploration of salt modifiers to polymer and solvent environment serves as a proof 

of concept which may doubtless be expanded to a greater variety of salts and chromophores to 

draw more general conclusions.  
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Abstract. Twisted intramolecular charge transfer (TICT) chromophores have exhibited 

promising 3rd order nonlinear optical (NLO) response, which is potentially useful for all-optical 

switching. It is therefore valuable to study the impact of structural modifications on NLO response 

and expand the diversity of known TICT structures. Here we have synthesized a hybrid molecule 

that incorporates a stilbene and TICT motif and explored its 3rd and 5th order NLO responses. 

Solution Z-scan measurements in CH2Cl2 reveal modest two-photon absorption at 1100 and 800 

nm (s2PA > 90 GM), which is several times larger than any pure TICT chromophore measured to 

date, and is attributed to states residing on the stilbene fragment. The nonlinear refractive index 

increases with light intensity, revealing that the mechanism is a 5th order process involving two-

photon induced excited state refraction (2PA-ESR). The ESR cross section (sESR ~ 10-16 cm2) 

accounts for almost all of the contribution to nonlinear refraction and indicates an excess 

polarizablity of the 2-photon excited state, which is a direct result of the unique hybrid 

TICT/stilbene character. This work yields further insight into the 3rd order NLO response of TICT 

chromophores and demonstrates that subtle structural modifications can have a significant impact 

on their functionality.  

3.1 Introduction. Over the past few decades there have been several reports of high-order 

nonlinear optical (NLO) responses in semiconductors and organic chromophores, which involve 

excited-state nonlinearities induced by two-photon absorption (2PA).104-107 Such materials are of 

interest, as they exhibit intensity-dependent nonlinear refraction (NLR) and nonlinear absorption 

(NLA) which is potentially useful for all-optical signal processing and optical power limiting 

respsectivly.7,13,108-110 The high-order contribution to NLR arises via a sequential, 5th order process, 

in which 2PA is followed by excited-state refraction (ESR).105,111 This effect (sometimes denoted 

c(3):c(1)) is quantified on the molecular scale by an ESR cross-section (sESR) and 2PA cross-section 
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s2PA. The initial 2PA process is a relatively common phenomenon in organic chromophores and 

the design principles are now well understood for several structure types.112 sESR can theoretically 

be observed in any molecule for which the ground and excited state polarizablity differs, although 

literature reports of sESR and its contribution to NLR are somewhat scarce.104-107,113  

 

Figure 3.1. Archetypal TICT chromophore TMC-2, thiophene derivative PMe3TC6(CN)2, TICT/stilbene 
chromophore TMC-3’, cyanine/TICT hybrid Cy-TICT, and donor/acceptor stilbene DANS. 

The more commonly reported mechanism of NLR comes from  the direct 3rd order nonlinearity, 

which occurs on a very short timescale,41 and manifests in bulk materials as the bound-electronic 

nonlinear refractive index n2. In molecular materials this property is related to the second 

hyperpolarizability, g, of the constituent chromophores. Strategies to enhance g include bond 

length alternation (BLA), which involves balancing neutral and charged contributions to the 

ground state, creation of 2-D chromophores,114,115 inclusion of auxiliary heterocyclic donor 

moieties, and optimization of the chromophore environment.12,15,21,35,90,116-119 Our previous work 

has focused on the design of twisted intramolecular charge transfer (TICT) chromophores which 
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feature a donor and acceptor fragment connected by a twisted bi-aryl bridge. The degree of bi-aryl 

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 (ag), low charge transfer 

energy (Ege) and generally low CT transition dipole moment (µge).28,36,40 Several modifications of 

the archetypal chromophore TMC-2 (Figure 3.1), such as donor and acceptor group substitution 

(PMe3TC6(CN)2) and coupling to a cyanine dye (Cy-TICT), lead to improvement g. 34,35,40 

In this work, we investigate the impact of adding a stilbene fragment to archetypal chromophore 

TMC-2, to form TMC-3’. In the past, this modification greatly enhanced 2nd order NLO response 

in TMC-3, primarily due to the increase ground state dipole moment.30,31 Here, the added stilbene 

fragment serves to introduce significant 2PA to the TICT system and activates 5th order 

nonlinearities. We have performed Z-scan measurements on TMC-3’ at multiple intensities and 

wavelengths in order to ascertain (1) the 2PA cross-section (s2PA) and (2) the presence and 

dispersion of sESR induced by 2PA. In order to understand the trend and magnitude of sESR we 

have pursued electronic structure calculations which show that the hybrid nature of the molecule 

is accountable the differences between TMC-3’ previous TICT systems.   

3.2 Experimental methods. 

3.2.1 Nonlinear optical characterization by Z-scan. The 3rd and 5th 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 intensity.120 This experiment operates in two 

modes referred to as open aperture (OA), which reveals the nonlinear absorption cross section 

(dNLA), and closed aperture (CA) used to determine nonlinear refraction (dNLR). In this work, we 

have used a dual arm Z-scan (DA Z-scan) setup, which allows for the simultaneous measurement 
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of solvent and solution, making it possible to subtract the solvent signal while directly accounting 

for beam fluctuations.121 DA Z-scan can improve the signal-to-noise ratio (SNR) by an order of 

magnitude compared to single arm Z-scan.121 In order to determine both the dispersion and origin 

of NLA and NLR, measurements were performed using several intensities 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 Appendix section S3.2. 

3.2.2 Computational methods and polarizability calculations. Model TMC-3’ analogues 

were optimized in the gas phase and with PCM (CH2Cl2) at the B3LYP/6-31G** level. Optimized 

torsional angles of ~90° in CH2Cl2 are in good agreement with previous work and crystallographic 

data.30,33,40 Molecular second hyperpolarizability, g, was calculated in the Amsterdam Density 

Functional package using CAM-B3LYP/6-31+G*.122 TDDFT was performed in Q-Chem using 

CAM-B3LYP/6-31+G** on TMC-3’ structures with constrained bi-aryl dihedral angles of 65°, 

70°, 75°, 80°, 85°, 89°.123  

Calculation of polarizabilities (a) can be performed using expressions obtained from 

perturbation of a molecular dipole moment (µ) with an electric field (F) (eq. 3.1). The finite field  

𝜇(𝐹) = 𝜇, + 𝛼𝐹 +
9
8
𝛽𝐹8 + ⋯        (3.1) 

(FF) method involves the calculation of state dipole moments at applied static fields, fitting the 

results with eq 1. This method is advantageous for determining excited-state polarizabilities 

because it does not depend on higher excited-state characteristics, which are often unreliable.124-

127 However, it does not provide specific information about the relative contribution of specific 

states, nor does it account for frequency dependence of polarizablity. A complementary approach 

is the sum-over-states (SOS) method (eq. 3.2), which directly correlates the property of interest to 
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characteristics of specific states; the full expression for a of state n is given by eq. 3.2. Here n and 

m represent different electronic states, µ is the transition moment between states, and Enm is the 

difference in energy. 

𝛼2(𝜔) = ∑ WX𝜓&Z𝜇̂Z𝜓2\
1

B]^_ℏa
b2c&         (3.2) 

In this work, we employ the SOS approach to calculate polarizabilities from experimental data, 

and the FF method to calculate the change in static polarizability 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. The results were fit with 

the Taylor (or polynomial) method, including the hyperpolarizability (b) term.  

3.3 Results and discussion. 

3.3.1 Chromophore design and synthesis. The synthetic pathway (Scheme 3.1) developed here 

focuses on high yields and synthetic flexibility, allowing for better synthetic route towards TMC-

2 and TMC-3 derivatives. Based on crystallographic and computational evidence, we have 

pursued a key tri-ortho-methyl biaryl fragment, which provides a comparable steric effect to the 

more synthetically challenging tetra-ortho-methyl moiety.33 The synthesis begins with conversion 

of 2,5-dibromo-1,3-dimethylbenzene to 1 via regio-selective lithiation followed by treatment with 

dimethylformamide. The aryl bromide in 1 is then catalytically converted to BPin using 

PdCl2(PPh3)4. Suzuki coupling of sterically hindered substrates 2 and 4-chloro-3-methylpyridine 

HCl is achieved using Buchwald’s Sphos ligand to yield the key intermediate 3. We elected to use 

a robust and E-selective Horner-Wadsworth-Emmons reaction with diethyl-4-bromo-
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benzylphosphonate to form structure 4. Catalytic coupling of 4 to malononitrile in the presence of 

Pd(PPh3)4 and NaH, subsequent alkylation with 2-octyldecyl triflate, and basification 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. This synthetic 

pathway represents a significant improvement on previous efforts, with a reduction of total steps 

from 13 to 6, and produces a molecule which is sufficiently soluble to make highly concentrated 

solutions needed for NLO characterization.  

Scheme 3.1. Synthesis of TMC-3’ 

 
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 then NaOMe in MeOH. 

 

3.3.2 Vibrational spectroscopy. The strength and frequency of CN stretching modes, v(CN), 

are diagnostic of electron density located on the dicyano methanide group. Here we observe v(CN) 

= 2162 cm-1 and a low energy side component at 2112 cm-1 in the solid state (Figure S3.1). Similar 

bands of 2164 and 2118 cm-1 were 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.30,128 
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3.3.3 Linear optical absorbance of TMC-3’. The linear optical absorption of TMC-3’ in 

CH2Cl2 (Figure 3.2A) is characterized by an intense sub-fragment charge transfer (SFCT) at 425 

nm (e = 32,000 M-1 cm-1) and a weaker inter-fragment charge transfer (ICT) band at 542 nm (e = 

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.112,129 Comparison of the change in ICT (Dl ~ -77 nm) and SFCT (Dl = -32 nm) peak 

maxima in CH2Cl2 and MeOH solutions suggest that the magnitude of the state dipole moments 

increase in the order of µICT < µSFCT < µg. The linear absorbance characteristics of TMC-3’ are 

nearly identical to 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 

3.2B).33  

As was previously identified by PGSE NMR experiments on TMC-3, the large µg of these 

chromophores causes a tendency towards aggregate formation, even in relatively dilute 

solutions.30,33 Here, this is evidenced by the hyspochromic shift of the ICT band upon 

concentration from 10-6 to 10-4 M in CH2Cl2 (Figure 3.2C). Although it is difficult to de-convolute 

the weak ICT peak from the much stronger SFCT peak, we can estimate that the hypsochromic 

shift of the ICT peak between dilute solutions (~10-6 M) and concentrated Z-scan solutions (>10-3 

M) is in excess of 0.2 eV.  
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Figure 3.2. (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. (D) OA Z-Scan results of 
TMC-3’ in CH2Cl2 at 1100 nm with 2PA fitting (E) Closed aperture results at 1100 nm fit for 
2PA-ESR (F) Normalized transmission of CA versus square of the fluence for three different 
wavelengths, indicating quadratic dependence of the NLR on the fluence. (Z-scan results for 800 
nm and 1300 nm are reported in S3.2). 
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3.3.4 NLO characterization by Z-Scan measurements. OA measurements were performed at 

different pulse fluences and frequencies. The linear scaling of the signal versus pulse fluence 

indicates two-photon absorption (2PA) is the dominant mechanism in NLA, as evidenced by good 

fitting of experimental data with a 2PA model. This is also consistent with significant s2PA found 

by quantum computation (vida infra). OA measurements (Figure S3.2) revealed a small 2PA cross 

section of s 2PA~5 GM at 1300 nm, and higher values of ~100 GM at 1100 and 800 nm (Table 3.1, 

Figure 3.2D). These values of s2PA exceed those of TICT chromophores TMC-2 (8.9 GM at 775 

nm) and PMe3TC6(CN)2.35,40 They are similar to s 2PA of donor/acceptor stilbene molecules, such 

as DANS (~200 GM maximum in CH2Cl2), and significantly smaller the best known 2P absorbers 

(> 1000 GM).112,129,130 

Table 3.1. Comparison of TMC-3’ and TMC-2 Z-scan results in CH2Cl2  

 TMC-3’ TMC-2 
Wavelength (nm) 800 1100 1300 ~775 ~1170 
sESR (x 10-16 cm2) 2.2 4.8 7.2 ---- ---- 

sNLA (GM) 102 92 < 7.0 8.9 < 1.5 
Linear transmittance ~0.99 ~0.99 ~0.99 ~0.98 ~0.99 

 

CA measurements (Figure 3.2E and S3.2) reveal NLR at all measured wavelengths. The 

magnitude of the response was determined to depend quadratically on the fluence of the input 

beam, indicating the presence of a higher-order nonlinearity (Figure 3.2F). Measurements were 

performed to obtain CA/OA signals as small as %5 to avoid higher order nonlinearities. Based on 

the significant observed 2PA we hypothesize that the underlying mechanism for NLR is a 

sequential 5th order process involving 2PA followed by ESR. This model (discussed in Appendix 

section S3.2) leads to much better fitting than a pure 3rd order model, and because the intercept in 
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Figure 3A is effectively zero, the contribution of 3rd order nonlinear refraction due to the bound 

electrons (and therefore g) is very small. Fitting of the CA/OA Z-scan results with a c(3): c(1) model, 

reveals sESR = 2.2 ´ 10-16, 4.8 10-16, 7.2 ´ 10-16 cm2 at 800, 1100, 1300 nm respectively.  

3.3.5 Computed two-photon absorption cross section and excited state character. Quantum 

computation reveals that s2PA = 841 GM at ~1000 nm and that the 2P excited state corresponds to 

the LUMO+3 orbital (Figure 3.4), which resides on the central and donor ring. The transition from 

HOMO to LUMO+3 is similar to the CT which occurs in DANS, meaning that the central ring in 

TMC-3’ functions similarly to the terminal acceptor moiety of simple donor/acceptor stilbenes. 

Thus, it is unsurprising that the magnitude and position of this transition is comparable to simple 

stilbenes of this type.129-131  

3.3.6 Origins of excited state refraction in ground and excited state polarizability. The 

change in refractive index given by sESR is related to the difference in ground (ag) and excited state 

(ae) polarizability via eq. 3.3, where l is the wavelength in cm, and n is the refractive index of the 

solvent.132  

𝜎Bef =
./1

g
G21h8K1

i2
G𝛼j − 𝛼kK        (3.3) 

𝛼k(𝜔) ≈ 𝜇,98 m 9
B3n_ℏa

+ 9
B3nhℏa

o + 𝜇,88 m 9
B31_ℏa

+ 9
B31hℏa

o      (3.4) 

The full sum-over-states expression for a (eq. 3.2) can be truncated to a three-state model (eq. 

3.4) and used to derive ag from the lowest two excited states of TMC-3’, which can be 

unambiguously obtained from linear absorbance spectra in CH2Cl2 (Figure 3.2A). Here, E0m and 

µ0m are the energy and transition strength respectively, and w is the frequency. Substitution into 

eq. 3.4 reveals ag(800 nm)= 2.99´10-22, ag(1100 nm) = 2.47´10-22, ag(1300 nm) = 2.35´10-22 cm3, 
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and that the majority of the polarizability comes from the SFCT, which is a relatively intense 

transition.  

Table 3.2. Calculated polarizability, dipole moment, and hyperpolarizability of TMC-3' at 85°  

State µ (D) a (10-22 esu) b (10-33 esu) sESR 10-17 cm2 
Ground 53.5 2.97 -7520 --- 

ICT 3.8 0.83 4620 -8.96 
SFCT 34.0 3.48 -9540 2.13 

 

 

Figure 3.3. Computed static a of the ground, SFCT, and ICT states via the FF method, as a function of 
torsional angle (q).  

The finite field (FF) method, described in the Experimental Section, relies only on the computed 

energy or dipole moment of the excited state, and is therefore insensitive to the potentially erratic 

computed properties of the higher states. Fitting of the field-dependent dipole moments (Figures 

SX) reveals that the polarizability of the ground and SFCT state (asfct) are similar at the static limit, 

and that both exceed the ICT state polarizability (Table S3.1). Furthermore, these calculations 

reveal that ag and asfct are highly sensitive to torsional angle (q) of the bi-aryl fragment (Figure 

3.3). There is a sharp increase in polarizability upon relaxation from 89° to 85°, concurrent with 

greater delocalization of the relevant orbitals (Figure 5, LUMO+3). Assuming a ground state q = 

89°, and an excited state q = 85°, sESR based on static ag and asfct could exceed 9.73 ´ 10-17 cm2. 
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The FF computed ag at q = 89° is close to the SOS value calculated from experimental spectra 

(Table S3.2), supporting that the ground state is highly twisted. This is in agreement with previous 

experimental evidence showing that the tri-ortho-methyl fragment leads to very large twist angles 

near 90°.33 Thus, even the slightest relaxation of q upon excitation would result in a significant 

increase in asfct and sESR. Such relaxation is well established in the context of TICT chromophores 

and is therefore a distinct possibility, particularly as the LUMO+3 orbital exhibits some quinoidal 

character (Figure 3.4).133,134 Unfortunately, the FF method is unable to account for the effects of 

resonant enhancement. As the 2-photon excited state is expected to be close in energy to the higher 

excited states, it is likely that the asfct is resonantly enhanced in the relevant spectral region, thereby 

also increasing sESR. 

3.3.7 TICT/Stilbene hybrid molecular orbitals. Molecular orbital pictures (Figure 3.4) 

provide a useful qualitative view of the three 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 mainly resides on the pyridinium ring with a small amount of 

electronic density on the twisted bridge; (3) The LUMO+3 orbital, which resides in the center of 

the molecule, and is relatively delocalized compared to the HOMO and LUMO. The relaxation of 

the bi-aryl twist angle leads to even greater delocalization of LUMO+3 onto the acceptor fragment 

(Figure 3.4). This qualitative picture highlights the unique character of the TMC-3’ chromophore. 

Planar stilbenes are typically smoothly conjugated such that the HOMO and LUMO are both 

relatively delocalized over large portions of the π-system.130 TMC-3’, has a segmented electronic 

structure as a result of the twisted bi-aryl fragment, which localizes HOMO and LUMO, thereby 

limiting their polarizability. Excitation to the stilbene excited state accesses the more delocalized 

LUMO+3 orbital, which overlaps both acceptor and donor based higher excited states, leading to 
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increased polarizability. We note that the characteristics of the LUMO+3 orbital are likely 

sensitive to the electron accepting or donating character of the central ring.  

 

 

Figure 3.4. MO pictures of TMC-3’ (85°) calculated at the CAM-B3LYP/6-31+G** level, cutoff set to 
0.03.  

3.3.8 Computation of 3rd order nonlinear optical response. Quantum computation allows us 

to assess the 3rd order response in the absence of confounding factors, namely aggregation, which 

complicate the analysis of structure-property relationships as discussed below. Calculations of 

Re(g) 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 3.3). Model compound TMC-3’-EH shows enhanced Re(g) and a change in sign around 

1000 nm, which coincides with the two-photon resonance of the ICT state, indicating that the 

observed nonlinearity is dominated by the ICT contribution rather than the SFCT one. Re(g) is 

uniformly larger in TMC-3’- EH than TMC-2, with the exception of ~775 nm where TMC-2 

benefits from significant one-photon enhancement. At the static limit, Re(g) of TMC-3’-EH is two 

orders of magnitude larger than that of TMC-2.  
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The off-resonant results can be understood in the context of a 3-state description (eq. 3.5) of 

Re(g), where µ0n is the transition moment between states 0 and n, E0n is the energy gap, and Dµ01 

is the change in state dipole moment. As Dµ01 >> µ01 for TICT chromophores, the second (dipolar) 

term is the primary contributor to Re(g). Thus, the observed increase in off-resonant Re(g) is result 

of the extended π-system length, which causes Dµ01 to increase by ~25 D versus in TMC-2. 

𝛾 = − >3np

B3n7
+ A>3n1 >3n1

B3n7
+ >3n1 >n11

B3n1 B31
        (3.5) 

Table 3.3. Dispersion of average second hyperpolarizability of TMC-3’-EH and TMC-2 computed with 
CAM-B3LYP/6-31+G** 

Wavelength 
(nm) 

TMC-3’-EH 
(105 au) 

TMC-2 
(105 au) 

775 -135.4 ~10000 
900 -178.9 --- 

1000 1992.5 940.6 
1305 50.0 13.3 
1550 33.1 2.9 
Inf 19.9 0.1 

 

The computed values of Re(g), are much larger than the experimental results. This discrepancy 

may be related to the intermolecular aggregation interactions in the Z-scan solutions which are 

absent in the computation. As noted earlier, there is significant aggregation which can blue-shift 

the ICT energy >0.2 eV. By eq. 5, this will result in at least a ~25% decrease in Re(g). It is difficult 

to reliably ascertain the exact peak position in Z-scan solution due to overlap with the much 

stronger SFCT band, but based on the solvatochromic shift between CH2Cl2 and MeOH, a ~80 nm 

(0.5 eV) blue shift would not be unreasonable, and would result in a ~50% decrease in Re(g). In 

an effort to confirm this theory, Re(g) was computed for the head-to-tail (HT) dimer of TMC-3’-

EH, a motif which constitutes the central unit in the crystallographic cell of similar compounds. 
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The resulting Re(g) = 27.8 ´ 105 au (normalized per chromophore) is similar to that of the 

monomeric species. However, a true comparison would include a higher order aggregate including 

solvent effects, which unfortunately is an extensive undertaking outside the scope of this work. 

3.4 Conclusions. We have investigated the 3rd and 5th order nonlinear optical response of the 

hybrid TICT/stilbene chromophore, TMC-3’, finding that the orbitals related to the stilbene 

fragment lead to significant 2PA not previously observed in TICT systems. In contrast to previous 

TICT results, the NLR here is almost entirely related to the change in polarizability between the 

ground and 2P excited state, which may in turn depend strongly on the identity of the central 

aromatic ring, as well as the ground and excited state torsional angles. Experimental results on 

highly aggregated solutions differ significantly from the computed 3rd order response of 

monomeric species, which indicate that the stilbene fragment is a productive modification for 

increasing Re(g). This work suggests that while extended conjugation may ultimately increase 

Re(g), it also introduces strong dipolar aggregation which impacts the 3rd order NLO response, and 

that the identity of the conjugated linker plays a central role in 2PA. 
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Chapter 4. Molecular Design Principles for Magneto-Electric Materials: All-
Electric Susceptibilities Relevant to Optimal Molecular Chromophores 

 
Reproduced with permission from: 

Lou, Alexander J.-T.; Dreyer, Elizabeth; Rand, Stephen; Marks, Tobin J. Journal of Physical 

Chemistry C, 2017, 121, 16491-16500. 

Copyright 2018 American Chemical Society. 

This work was performed in collaboration with the co-authors listed above. 
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Abstract. Magneto-electric (M-E) response at the molecular level arises from the interaction 

of matter with the electric and magnetic fields of light, and can manifest itself as nonlinear M-E 

magnetization (MNL) or M-E rectification (PNL). However, there is presently a limited 

understanding of how molecular material properties impact M-E response. Here we investigate the 

relationship between M-E nonlinear coefficients and the third-order electric susceptibility, c(3), 

finding that MNL is proportional to cxxxx(3), while PNL scales with czzxx(3) due to a cascaded 

nonlinearity. By applying a sum-over-states (SOS) expression for the elements of c(3) to valence-

bond charge-transfer (VB-CT) models, we formulate practical guidelines for the design of 

materials expected to exhibit enhanced M-E properties. On this basis, we predict that many 

conventional nonlinear optical chromophores with large values of cxxxx(3) may be suitable for 

generating optical magnetism at low intensities. In the case of M-E rectification, analysis of L-

shaped, X-shaped, and octupolar VB-CT models suggests that their molecular structures can be 

tuned to enhance the response by maximizing czzxx(3). In particular, octupolar molecules with a 

predominantly CT character ground state and L -shaped chromophores with weakly conjugated 

bridges between donor and acceptor moieties should promote off-diagonal nonlinearity and M-E 

rectification.  

4.1 Introduction.  A multitude of useful phenomena arise from the interaction of matter with 

intense light fields. Those resulting from the electric field component of the light are the subject 

of conventional nonlinear optics (NLO), have been studied for several decades, and find 

application in a myriad of photonics technologies.1-5,135-138 However, dynamic magnetic 

interactions are also possible, and can give rise to unique properties such as negative 

permeability,139 negative refraction,140 and the prospects of completely new phenomena or 
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capabilities, including cloaking and super lensing.141-145 Thus far, magnetic interactions have only 

been demonstrated in specialized photonic nanostructures and ultra-high energy systems.146 In 

unstructured materials, it has long been presumed that the strength of magnetic interactions is 

unavoidably weak, so that the possibility of nonlinear magneto-electric interactions has gone 

unexplored. It was only recently that the dynamic magneto-electric (M-E) effects previously 

neglected in the common description of polarization were shown to be surprisingly strong in 

dielectric liquids and crystalline solids.46,147  

 Dynamic M-E effects (Figure 4.1) can manifest as magnetization My(w) or  rectification Pz(w), 

both of which have exciting potential applications. Of particular interest here is the possibility of 

converting light to electricity via M-E rectification, in a capacitive manner that avoids the 

fundamental limitations of conventional photovoltaic (PV) technologies and substantially 

circumvents the co-generation of heat.8 Furthermore, optical magnetization may enable the 

generation of internal magnetic fields useful for extending the distance over which carrier spin 

orientation is preserved in spintronic circuitry, or enable ultrafast reading and writing of magnetic 

memories, or induce negative permeability in natural dielectric materials.9 The generation of 

strong, high frequency magnetic fields has been challenging historically,139 so any advances in 

magnetism at optical frequencies are likely to afford unforeseen applications. 

Polarization contributions from the M-E susceptibility ( ) can be described classically by 

considering the combined forces of electric and magnetic fields, Ex(w) and Hy(w), exerted on a 

bound electron by light propagating along the z-axis (Figure 4.1). The induced motion can be 

MEc
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Figure 4.1. Classical depiction of M-E polarization with light propagating from right to left. (1) E-field 
only initiates motion in the x direction, (2) Lorentz force and parametric enhancement causes displacement 
along z, (3) final arc-like trajectory produces magnetization in the y direction. Dashed lines depict electron 
motion and displacement; the labeled arrows are components of polarization and magnetization. The dotted 
red outlined circle indicates the starting position of the bound electron. 

 understood as follows: (1) Ex(w) initiates electronic motion and displacement parallel to the 

electric field; (2) the orthogonal Hy(w) field imparts a Lorentz force that deflects the motion in the 

direction of propagation (z-axis); (3) As a result, an electron initially at rest is induced to follow 

an arc-like trajectory in the xz plane, producing three M-E nonlinearities: magnetization My(w) 

rectification Pz(0), and second harmonic generation Pz(2w). These three magneto-electric 

moments thus arise from a 2-step (2-photon) high-field process in which the electric field 

interaction takes place first, and the magnetic field interaction is second, making them proportional 

to the electric dipole transition moment.9 The discovery of these M-E effects calls for a more 

complete description of nonlinear response that includes second- and third-order M-E 
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contributions (  and ), as well as conventional first (c (1)), second (c (2)), and third-order 

(c (3)) all-electric terms (eqs. 4.1 - 4.2). 

  

    (4.1) 
 

    (4.2) 

The details of the quantum theoretical and classical description, as well as numerical simulations 

of M-E nonlinearity in model systems have been reported in the literature42,46,148 and M-E 

magnetization has been observed experimentally as magnetic dipole (MD) scattering in dielectric 

liquids, crystals and glasses.43 Recent investigations42,43 have shown that the strength of induced 

magnetic scattering depends on the details of the molecular structure, notably the moment of inertia 

in the case of small molecules in liquids. However, to date, few tools have been available to 

understand structure-property relationships in M-E materials at the molecular level, and to direct 

the development of materials with enhanced M-E coefficients for rectification and magnetization. 

In this contribution, we derive and exploit new relationships between the M-E coefficients for 

rectification and magnetization and elements of the third-order susceptibility c (3) in order to 

develop useful design criteria. For example, the static polarization created within centrosymmetric 

materials by M-E rectification is shown to mediate a cascaded nonlinearity combining rectification 

and an induced electro-optic response that yields nonlinear refraction. An equivalence is 

established between the M-E coefficient for rectification and the off-diagonal element  of the 

third-order susceptibility tensor. A similar equivalence is found between the M-E coefficient for 

magnetization and the diagonal element . These results permit us to employ empirical 

)2(
MEc )3(

MEc

( ) ( ) ( ) ( ) ( ) ( ){ }...)3()2()1(
0 +++= wwwcwwcwce EEEEEEPNL

( ) ( ) ( ){ }...)()()/1( )3()2( +++ wwwcwwc EHEEHc MEME

( ) ( ) ( ) ( ){ }...)()3()2( ++= wwwcwwc EHEHEM MEMENL

)3(
zzxxc

)3(
zzxxc



 

 

87 

 

information and theoretical analysis of structure-function relationships in c (3) materials to predict 

the performance of magneto-electric materials at the molecular level.  

In contrast to the scarcity of studies of M-E material response at the molecular level, the design 

of materials with large c (3) values has been an area of intense interest for several decades, and is 

now a relatively mature field in terms of understanding structure-property relationships.7 

Therefore, establishing a link between magneto-electric and well-studied third-order 

susceptibilities is highly desirable. To make an explicit connection with chemical models, we begin 

by recognizing that the macroscopic NLO susceptibility c (3) of bulk materials reflects the 

microscopic second hyperpolarizability g of their molecular constituents.   

        (4.3) 
 

In eq. 3,10 N is the number density of chromophores and L4(w) is the Lorentz local-field factor for 

a third-order process. In the past, design of high performance NLO chromophores (Figure 4.2) 

relied on qualitative but pragmatic structure-property relationships, such as the chemically 

intuitive Sum-Over-States (SOS) expression.13,35,40,149 The commonly used three-state version of 

the SOS expression for the diagonal element g xxxx of the second hyperpolarizability is given by eq. 

4.4.41,109,150  

                                     (4.4)       

Here, µij is the transition dipole moment between states i and j, Dµij is the difference between the 

state dipole moments µi and µj, and Eij is the transition energy. Several well-known approaches to 

increasing g xxxx stem from this model, such as bond length alternation (BLA), judicious choice of 

donor and acceptor moieties, disrupted conjugation, or a combination of these 

approaches.13,23,34,35,40,151,152 
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Figure 4.2. Known high-performance third-order NLO chromophores. Hybrid cyanine-twisted π-system 
(TICT) chromophore, Cy-3; TICT chromophore, PMe3TC6(CN)2; cross-conjugated chromophore, 
DDMEBT; high performance cyanine chromophore, Se-8, are representative materials that emerged by 
applying a “designer” approach to enhancing NLO response. 

   
 
 

   In this work, we focus on heuristic valence-bond charge-transfer (VB-CT) models to provide 

a broadly applicable approach to enhancing specific elements of c(3). VB-CT models153-158 provide 

a physical description of molecular electronic structure based on the relative contributions of VB 

and CT resonances to the ground state, and are particularly well-suited to capture the most salient 

features of molecular NLO response. Previously, the SOS based analysis of dipolar, L-shaped, 

octupolar, and tetrahedral push-pull VB-CT models afforded an improved understanding of lower 

order polarization in such molecules. The same models can be used to understand third-order 

polarization.155-158 In order to create design rules for enhanced M-E rectification or magnetization, 

we therefore draw on the predictions of a simplified SOS expression applied to VB-CT models for 

the second hyperpolarizability, g, after establishing a link between the M-E susceptibilities of main 
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interest here,  and , and elements of the all-electric third-order 

susceptibility c(3). 

4.2 Theoretical links between 2nd order and 3rd order nonlinear optical susceptibilities. In 

this section, we establish an explicit connection between magneto-electric coefficients for , 

 and individual elements of the all-electric susceptibility c(3). The constitutive relations for 

the two magneto-electric (M-E) processes of interest are first expressed in terms of equivalent 

electric fields. They are then compared with expressions for all-electric four-wave mixing 

polarizations driven by the same input fields. Finally, correspondences are identified between the 

various coefficients. In this section, we summarize the results for both M-E rectification and 

magnetization. 

Unlike the polarizations of conventional nonlinear optics that only take electric field 

components into account, the moments described by constitutive relations of M-E processes 

contain magnetic fields. For these processes to be compared with all-electric nonlinearities, their 

fields must be converted to equivalent electric fields in accordance with Maxwell’s equations. For 

x-polarized light propagating along the z-axis the transverse components are found from Faraday’s 

Law to be related by  

  ,        (4.5) 

where  is the electromagnetic impedance. This relation is therefore used throughout the present 

work to convert the moments encountered in M-E rectification and M-E magnetization to 

equivalent, all-electric expressions.   
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We begin by clarifying notation and the order of the two main susceptibilities on which this 

analysis focuses. The susceptibility governing ME rectification mediates a second-order 

polarization  

          (4.6) 

as given in eq. 4.1. The coefficient  has superscripts that specify the electric (e) or magnetic 

(m) character of the fields involved in the nonlinearity, ordered from right to left in sequence. Thus 

eme specifies an electric field followed by a magnetic field, ultimately producing an electric 

polarization. The second-order induced magnetization  has a similar form (eq. 4.7).  

                   .        (4.7) 

However, the tensor element  for radiative magnetization vanishes in centrosymmetric 

media when conventional symmetry analysis is applied and is small even when dynamic 

symmetry-breaking148 is taken into account. Classically, the largest non-vanishing contribution to 

transverse (radiative) magnetization at the optical frequency is therefore of higher order, namely  

  .        (4.8) 

In eqs. (4.6) and (4.8), magneto-electric responses,  and , are driven jointly by the electric 

field E and the magnetic field H of light,148,159,160 but their frequencies differ since the former is 

second-order while the latter is third-order.  is obtained by combining field components  

and  at frequencies  and  respectively to form a static field. M on the other hand oscillates 

at the optical frequency w since it results from the combination of three optical frequencies (

).  
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    Introducing equivalent fields as prescribed by eq. (4.5), the amplitude of M-E rectification 

becomes  

         .        (4.9) 

The indices on the susceptibility tensor refer to the original orientation of the fields, not the 

equivalent fields, because this element is determined by the actual input field directions rather than 

their equivalents. Also, there is no Einstein convention regarding repeated indices once index 

assignments have been made. Cascaded M-E rectification with induced electro-optic response 

results in the third-order polarization 

         . (4.10) 

For third-order M-E magnetization, eq. (4.8) immediately leads to the equivalent expression  

         .       (4.11) 

To make a comparison between magneto-electric rectification or magnetization and all-electric 

nonlinear polarizations, it is just as important to convert the left-hand sides of the constitutive 

relations to polar vector fields as the right sides. While this is already the case in eq. 4.10, it is not 

true in eq. (4.11), where the left-hand side is an axial vector. Hence the magnetization must also 

be converted to an equivalent electric field consistent with Maxwell’s equations. An argument 

based on Ampere’s Law is used to show that . Substitution of this into eq. (4.11) yields 

a satisfactory all-electric equivalent expression for third-order magnetization, which is 

                (4.12) 

Finally, by comparing the polarizabilities in eqs. (4.10) and (4.12) with four-wave mixing 

expressions with the same input driving fields, the key results of this paper may be obtained. 
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Magneto-electric coefficients and  are found to obey the following equivalence 

relations with respect to third-order, all-electric susceptibility elements. 

                 (4.13) 

                    (4.14) 

  The expressions in eqs. (4.13) and (4.14) establish specific relationships between M-E 

susceptibilities and third-order susceptibilities which are non-zero in all crystal classes. Due to the 

extensive prior work on measurement and prediction of third-order susceptibility elements, 

including analysis of the relationship between structure and function at the molecular level, these 

connections allow us to formulate guidelines for detailed design of magneto-electric materials at 

the molecular level. The equivalence relations also imply that magneto-electric rectification and 

magnetization are universally allowed in dielectric materials of arbitrary crystal symmetry.  

4.3 Designing molecular materials to enhance MNL. Given eq. (4.14), we may develop design 

criteria for enhanced M-E magnetization based on the objective of maximizing the diagonal third-

order tensor component  (or the second hyperpolarizability element gxxxx). Serendipitously, 

gxxxx governs the response of the vast majority of third-order NLO chromophores, which are 

essentially one-dimensional in nature (Figure 4.2), and derive their nonlinearities from low-energy 

excitations within a π-conjugated backbone.12,110 A great deal of experimental effort has been 

directed to optimizing gxxxx over the past few decades, so we may immediately conclude that based 

on the equivalence relations developed in Section 2, those molecules which exhibit large diagonal 

third-order nonlinearities are likely to have a large M-E magnetization coefficient. 
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4.4 Designing molecular materials to enhance PNL. The relationship between M-E 

rectification and off-diagonal third-order tensor components  (or ), shown in eq. (4.13), 

is more challenging to exploit for material design. Historically, far less attention has been paid to 

the off-diagonal elements of g, as they have no special significance in conventional NLO. To 

identify promising classes of molecules, we first draw upon literature concerning the lower order 

polarization, b.  Although it is well known that the specific requirements for enhanced gxxxx and bxxx 

are different, the general prerequisites for large b xxz and b zxx are similar to those for gzzxx.51,161  Both 

require transition and/or state dipole moments along two axes, and therefore a two-dimensional 

molecular structure. Thus, we select X-shaped, L-shaped, and octupolar molecules as subjects of 

investigation, based on several literature reports of large off-diagonal hyperpolarizabilities.55,162-

168 Figure 4.3 shows examples of high performance and archetypal 2-D chromophores that exhibit 

the basic attributes required for large gzzxx. In this section, we identify some intriguing design 

guidelines for gzzxx based on the structure types in Figure 4.3 by applying a three-state SOS/VB-

CT model. 

)3(
zzxxc zzxxg
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Figure 4.3. Examples of chromophores exhibiting large off-diagonal hyperpolarizability. L1, X1, X2, O1, 
O2 are archetypal chromophores; the remaining structures represent more elaborate extensions. 
Counterions are omitted for clarity. A) L-shaped163,164; B) X-shaped165; C) octupolar55,162. 

4.4.1 Three-state SOS expression and VB-CT approach. To identify specific molecular 

attributes leading to enhanced gzzxx, we compute gzzxx for L-shaped, octupolar, and X-shaped VB-

CT models using a three-state SOS expression. The VB and CT resonances of these systems are 

shown in Figure 4.4.  Using these resonances as a basis set we can construct a three-state 

Hamiltonian (see eq. (4.15) below) for L-shaped and X-shaped molecules, from which we derive 
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transition moments, excitation energies, and state dipole moments required to evaluate gzzxx. A 

similar four-state Hamiltonian  

 
Figure 4.4. VB and CT contributions to gzzxx in the (A) octupolar; (B) L-shaped; (C) X-shaped structures 
used for this analysis. 

yields the same information for octupolar molecules. We define EVB and ECT as the energies of the 

VB and CT configurations and DE = EVB − ECT. , and  

are the transfer integrals, which represent the mixing of CT1/CT2 and CT/VB states respectively.  

                      (4.15)  

 
One key metric in this analysis is the charge transfer character of the ground state, denoted l, which 

quantifies the weight of the CT configuration in the ground state. In literature l is defined as in eq. 

(4.16) below, where n + 1 is the order of the Hamiltonian matrix.155  

                               (4.16)  
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The relevant transition and state dipole moments for dipolar, quadrupolar, octupolar, and L-shaped 

VB-CT models are available in the literature.155-158  

In general, three essential states are found to be sufficient in describing NLO response,150,155,169 

so in order to calculate gzzxx, we consider a three-state expression derived from the full SOS 

theory.110,170 This expression is  

  .    (4.17)  

As with the three-state model for gxxxx, eq. (4.17) can be organized into distinct and physically 

meaningful terms (shown in brackets) the first three of which are denoted as negative, dipolar, and 

two-photon respectively. Although the detuning denominators in the resonant SOS expression150 

for g suggest that M-E susceptibility is frequency-dependent and potentially resonantly enhanced, 

we limit our discussion to the static case.  

4.4.2 L-Shaped molecules (Figure 4.3A). Substitution of the relevant transition moments,158 state 

dipole moments, and energies into eq. (4.17) yields an expression for gzzxx for any L-shaped 

molecule, as given by eq. (4.18). Valence band and charge transfer state configurations are 

illustrated for such molecules in Figure 4.4B.  
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    (4.18)  

 
In Figure 4.5 the values of gzzxx calculated from eq. (4.18) are plotted versus the CT character of 

the ground state, in the range 0 < l < 0.5. Other quantities appearing in eq. (4.18) include the half-

angle q between the two CT axes (see Figure 4.4B) and the magnitude of the dipole moment q for 

the CT configuration. Only two terms from eq. (4.17) are non-zero, so that gzzxx depends solely on 

a dipolar and “triangle” contribution. Because there is no contribution from the two-photon and 

negative terms, the present design rules are more likely to follow those for dipolar chromophores 

such as PMe3TC6(CN)2 (Figure 4.2) rather than chromophores relying on large transition moments 

of low-lying excitations as in Se-8 (Figure 4.2) which derive their nonlinearity primarily from the 

negative term.13  

 
Figure 4.5. L-shaped and X-shaped chromophore gzxzx dependence on parameters l (charge transfer 
character), t, T. All values of l, t, T are expressed in eV, and gzxzx is in arbitrary units. (A) Dependence of 
gzxzx on t and T for l = 0.01 (orange), 0.1 (green), 0.2 (red), 0.3 (blue). Plots of l vs gzxzx in arbitrary units; 
(B) T = 0, t = 0.5 (circles), 1.0 (diamonds), 1.5 (triangles); (C) t = 0.5, T = 0.5, 1.0, 1.5; (D) T = 0.5, t = 0.5, 
1.0, 1.5.    
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With eq. (4.18) in hand, we can investigate the dependence of gzzxx on l, t, and T (Figure 4.5). 

Figure 4.5A reveals an inverse relationship between gzzxx and t for all values of l. Broadly speaking, 

t refers the ability of the bridge connecting donor and acceptor fragments to efficiently mix the 

parent orbitals. In a physical sense, small values of t indicate a “purer” VB or CT character of the 

ground state, meaning that the resulting HOMO closely resembles one of the parent orbitals. As 

such, bridging motifs which result in poor electronic connectivity between donor and acceptor are 

likely to effectively lower t. Some of these are illustrated in Figure 4.6.  

  
Figure 4.6. Bridging motifs exhibiting poor or disrupted conjugation. (A) spatial separation; (B) torsion 
enforced by structural connectivity; (C, D) torsion enforced by steric repulsion 

Twisted π-systems (TICT; Figure 4.2) are well known to yield small t values, and to produce 

HOMOs that closely resemble the parent donor orbitals.38,171,172 In TICT molecules, the inefficient 

electronic connectivity is evidenced by a weak charge transfer excitation relative to analogous 

planar molecules, and as the torsional angle is increased, the HOMO and LUMO become 

increasingly localized, consistent with decreased t.33,36 Very large second- and third-order NLO 

response has been predicted and realized in donor-π-acceptor (D-π-A) chromophores with 

disrupted conjugation, including TICT chromophores and spiro-conjugated molecules.28-30,40,173 

Such observations are further supported by quantum graph studies of Kuzyk and Lytel, where they 
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demonstrate that phase disruption can enhance NLO response.23,24 Therefore, we recognize that 

the observed relationship in Figure 4.5A is consistent with previous experimental and theoretical 

work, and that t is a critical factor in enhancing g.  

At large values of l, gzzxx also exhibits an inverse dependence on T. While the same strategies 

can be employed to reduce T, the use of isolated D-π-A pairs can achieve the same effect. In 

structures such as L1 (Figure 4.3A) the shared donor moiety mediates CT1/CT2 mixing, likely 

resulting in a large value of T. However, structures which contain two D-π-A pairs, such as 

molecule L 2 (Figure 4.3A), may reasonably be approximated by T = 0 due to the lack of electronic 

connectivity. 

The general dependence of gzzxx on l varies over a range of T and t values (Figures 4.5B-D). 

When t = 0.5 eV (Figure 4.5C), increasing T leads to a slight decrease in the optimal CT character; 

when T = 0.5 eV (Figure 4.5B), increasing t causes a slight increase in optimal CT character; when 

T = 0 (Figure 4.5B), very large CT character results in the largest gzzxx regardless of the t value. 

For the cases shown in Figures 4.5D and 4.5C, an intermediate CT contribution is required for 

enhancing gzzxx, and in the case of Figure 5B, structures with predominantly CT character will 

have the highest gzzxx for any value of t. The need for intermediate l suggests that a tradeoff between 

l and t is critical to obtaining the optimum performance since simply minimizing t would result in 

a purely CT or VB ground state, with l = 0 or l = 0.5. With exception of case 4.5B, careful 

manipulation of the bridging moiety is required to achieve the optimum performance. However, if 

the D-π-A pairs can be separated, then simply minimizing t could prove to be a rewarding 

approach. Because a large degree of CT character is desired in this case, it is imperative that the 
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CT state be lower in energy than the VB state so that it may contribute strongly to the ground state 

character. This point is discussed in more detail in Section 4.4.4. 

The design rules pertaining to the positioning of donor and acceptor moieties are much more 

straightforward. By inspection of eq. (4.18) note that gzzxx increases as q approaches 45°, although 

from a practical standpoint, upwards of 75% of the maximum performance can be achieved within 

±15°. Therefore, systems with sp2 hybridized carbon and meta-substituted six-membered 

aromatics (both q = 60°), ortho-substituted five-membered heterocycles (q = 36°), and ortho-

substituted six-membered aromatics (q = 30°) have the appropriate geometry for a large response.  

4.4.3 X-shaped molecules (Figure 4.3B). If the charge transfer between adjacent D-π-A pairs 

can be neglected compared to the charge transfer within a pair, the effective Hamiltonians for X-

shaped and L-shaped chromophores (Figures 4.3A, B) are identical, giving rise to the same 

eigenvalues and eigenfunctions. This is reasonable in the case of meta versus para CT in arenes166 

(see structure X2), although it may not hold for cases such as structure X1 (Figure 4.3B), which 

likely requires a five-state analysis. Making the usual assumption that 

, we derive state and transition dipole moment equations 

and substitute them into eq. (4.15) to obtain eq. (4.19).  

    

              (4.19) 

 
In eq. (4.19), q is the half-angle between the two acceptor groups, and f the half-angle between 

the two donor substituents. Again, the optimal angle is q = f = 45°. Ultimately, the analysis at this 

level leads to the same results for X- and L-shaped chromophores in terms of dependence on l, T, 
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t, and q (Figure 4.5). One particular difference is the separation of the two CT states; here the 

assumption that T is very small is implicit in our model, since the two D-π-A pairs are taken as 

non-interacting. In this sense, we would expect an X-shaped chromophore to be described best by 

Figure 4.5B, and to have the highest performance when l approaches ½, and t is very small. 

Based on the µ4 term in eq. 4.18, X-shaped chromophores offer higher potential gzzxx than L-

shaped analogues due to the enhanced CT dipole moments arising from additional donor or 

acceptor groups. Furthermore, there is reason to expect that X-shaped chromophores will provide 

large gzzxx values judging from literature reports on two-dimensional tetraethynylenthenes (TEE). 

Such molecules demonstrate large g, and although the contribution of specific tensor elements has 

not yet reported, the two-dimensional arrangement of donor and acceptor moieties is well-situated 

for off-diagonal response.174-176  

4.4.4. Octupolar molecules (Figure 4.3C). The relevant transition moments and energies for 

octupolar molecules were derived by Cho et al,156,157  and utilized for a brief investigation of gzzxx.156 

Here, we investigate this model more explicitly, particularly in terms of t and l in order to create 

more general guidelines. Because the relevant transition and state dipole moments all have x and 

z components, all terms in eq. (4.17) contribute to gzzxx for octupolar molecules. The expression 

reduces to 

                        .      (4.20) 

 
In eq. (4.20) the magnitudes of t and T have little impact on the overall behavior of gzzxx with respect 

to l. Across a broad range of t and T, the maximum value of gzzxx occurs at l = 1/3. The design 

parameters are then straightforward; increasing CT character while lowering t and T is clearly the 
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key to higher performance (Figure 4.7). Thus, it may be useful to employ a segmented or multiple 

donor/acceptor paradigm to reduce T; for example, moving from O3 to O2 (Figure 4.3C) allows a 

degree of isolation between CT states. Similar to the L-shaped and X-shaped cases, gzzxx exhibits 

an inverse dependence on t (Figure 4.7A). Therefore, the same disrupted conjugation pathways 

suggested in Section 4.4.2 should apply to octupolar structures as well. However, in this case there  

 
Figure 4.7. Octupolar chromophore gzzxx dependence on l, t, T. All values of l, t, T are expressed in eV and 
gzzxx is in arbitrary units. (A) Dependence of gzzxx on t and T for l = 0.01 (orange), 0.1 (green), 0.2 (red), 0.3 
(blue). Plots of l vs gzzxx in arbitrary units; (B) T = 0, t = 0.5 (circles), 1.0 (diamonds), 1.5 (triangles); (C) t 
= 0.5, T = 0.5, 1.0, 1.5; (D) T = 0.5, t = 0.5, 1.0, 1.5. 

is no tradeoff between l and t, so t can simply be minimized. Finally, the strong CT character of 

the ground state, in the absence of significant VB/CT mixing, requires that the CT resonance be 

lower in energy than the VB resonance. Such structures with high CT character are known in the 

literature and can be readily identified by their strong, negative solvatochromism.80 In these cases, 

the CT state may be stabilized by aromaticity, inductive effects, charge delocalization, or 

interactions with the chromophore environment.177-181 Another approach is to destabilize the VB 

resonance by introducing geometric constraints.28,29,182 
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4.4.5 VB-CT Conclusions. SOS based analysis of the VB-CT models discussed here provides 

intriguing molecular structure-based design criteria for optimizing molecular M-E polarization. 

Specifically,  

(i)  For each structure type, gzzxx is proportional to µ4, so inclusion of strong donor and acceptor 

moieties, and extension of the CT spatial length will be beneficial insofar as it does not 

negatively impact VB/CT mixing.22,57,110,183,184 

(ii)  A brief inspection of f and q reveals the optimal geometry for off-diagonal response is 

accessible through common organic molecular structural geometries. 

(iii)  The complex dependency of gzzxx on l suggests that for L- and X-shaped chromophores, 

moderate to large l leads to large, positive gzzxx. For octupolar molecules, l must simply be 

maximized. In both cases, it is clear that enhanced CT character in the ground state must 

be targeted (discussed in Sections 4.4.2 and 4.4.4) by lowering the CT state energy or 

raising the energy of the VB state. 

 (iv)  The inverse dependence on T and t suggests that bridging motifs (Figure 4.6) which disrupt 

conjugation will lead to enhanced NLO performance, though care must be taken to 

maintain the optimal CT character. 

In general, many of the same conceptual avenues used for conventional NLO chromophores should 

be productively applicable to new chromophore geometries designed to achieve enhanced M-E 

rectification. 

4.5 Summary. Magneto-electric magnetization and rectification processes at the molecular 

level are relatively new nonlinear effects for which the design principles are absent in the scientific 

literature. Here we have demonstrated a relationship between the all-electric susceptibility 
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elements  and , and the two lowest-order magneto-electric processes, magnetization and 

rectification respectively, and have exploited it to outline strategies for enhancing these effects. 

For example, cyanines and typical 1-D donor-π-acceptor chromophores are predicted to be good 

candidates for M-E magnetization, given their very large values of . In fact, many of the 

current high performance third-order NLO materials are likely to exhibit strong induced M-E 

magnetization.  

In the case of M-E rectification, the guidelines for optimal material synthesis are less specific. 

There has been little investigation to date of anisotropic hyperpolarizability elements such as gzzxx, 

so it is difficult to identify chromophores suitable for M-E rectification. Our analysis of gzzxx in 

VB-CT models has nevertheless identified rational design criteria for three common structure 

types, which are by no means exhaustive. From this result, it is clear that a significant CT 

contribution to the ground state is necessary, as are large static dipole moments. Extending 

conjugation, increasing D/A strength, and disrupting conjugation are all promising tools for tuning 

the CT contribution in the context of L-shaped, X-shaped, and octupolar molecules. On the other 

hand, these design rules are far from complete. Excited state charge transfer dynamics have not 

been addressed in this analysis, although they are likely to be an important component of M-E 

response. From an experimental standpoint, the finding that large static dipole moments may 

increase the value of  could prove to be problematic for the interpretation of scattering 

experiments, as internal moments facilitate molecular alignment by applied electric fields thereby 

altering the depolarization ratio which may otherwise be determined by magneto-electric 

processes. Nevertheless, the present work should serve as the first step towards the rational design 
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of M-E materials exhibiting enhanced nonlinearity that can be tailored to meet specific magneto-

electric applications. 
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Chapter 1 Appendix. 

 

S1.1 Materials and methods. All reagents were purchased from Sigma-Aldrich and used 

without further purification unless otherwise noted. Tetrahydrofuran (THF), dichloromethane 

(CH2Cl2), and toluene were dried by passing through a column of activated alumina under argon. 

The reagent 2,5-dibromo-1,3-dimethylbenzene was purchased from Combi-Blocks. 1H and 13C 

NMR spectra were recorded on Agilent DD MR-400 MHz, Varian Inova 500 MHz or Bruker 

Avance III 500 MHz spectrometers. 1H,15N HMBC experiments were carried out on a Bruker 

Avance III spectrometer, operating at 400.13 MHz and equipped with the Smartprobe, using the 

standard Bruker pulse program "hmbcgplpndqf". 15N chemical shift is referenced to external 

nitromethane. Low resolution mass spectra were recorded on an Amazon SL LC-ESI mass 

spectrometer, elemental analysis was performed by Midwest Microlab, and optical spectra were 

recorded using an Agilent Cary 5000 spectrophotometer. Thermogravimetric analysis was 

performed with ramping at a rate of 10 °C/min.  

General procedure for preparing benzimidazoles (1A-1C). A three-neck flask was fitted 

with a reflux condenser and a gas inlet. To the flask was added the desired bromo-benzaldehyde 

(1 eq) and phenylenediamine (1 eq.). 1,4-dioxane (3 mL/mmol aldehyde) was added and the 

solution was heated to 90 °C with continuous bubbling of air. After 24 h, the reaction is diluted 

into DCM and filtered to yield the desired benzimidazole.  

1H-2-(4-bromobenzene)-benzimidazole (1A). Reaction of phenylenediamine (3.0 g, 27.8 

mmol) and 4-bromobenzaldehyde (5.14 g, 27.8 mmol) in 50 mL 1,4-dioxane yields 2.23 g of the 

title compound as a yellow powder (29 % yield). 1H NMR (500 MHz, d6-dmso): d 12.98 (s, 1H), 
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8.1 (d, J = 8.5 Hz, 2H), 7.76 (d, J = 8.5, 2H), 7.67 (d, J = 7.5 Hz, 1H), 7.53 (d, J = 7.5 Hz, 1H), 

7.22 (m, 2H).  MS (ESI) m/z: [M+H]+ Calcd. for C13H10N2Br 273.00; Found 273.02; [M−H]− 

Calcd. for C13H8N2Br 270.99; Found 271.03.  

1H-2-(4-bromo-2-methylbenzene)-benzimidazole (1B). Reaction of phenylenediamine 

(2.50 g, 23.1 mmol) and 4-bromo-2-methylbenzaldehyde (4.60 g, 23.1 mmol) in 60 mL 1,4-

dioxane yields 2.60 g of the title compound as a tan powder (39 % yield). 1H NMR (500 MHz, d6-

dmso): d 12.68 (s, 1H), 7.69 (m, 2H), 7.64 (s, 1H), 7.58 (d, J = 8.5, 1H), 7.53 (d, J = 7.5, 1H), 7.22 

(m, 2H), 2.62 (s, 3H).  MS (ESI) m/z: [M+H]+ Calcd. for C14H10N2Br 287.02; Found 287.00; 

[M−H]− Calcd. for C14H10N2Br 285.00; Found 284.93.  

1H-2-(4-bromo-2,6-dimethylbenzene)-benzimidazole (1C). Reaction of phenylenediamine 

(520 mg, 4.8 mmol) and 4-bromo-2,6-dimethylbenzaldehyde (1.03 g, 4.8 mmol) in 30 mL 1,4-

dioxane yields 830 mg of the title compound as a grey powder (42 % yield). 1H NMR (500 MHz, 

d6-dmso): d 12.54 (s, 1H), 7.67 (d, J = 7.5, 1H), 7.50 (d, J = 7.5, 1H), 7.45 (s, 2H), 7.21 (m, 2H), 

2.09 (s, 6H). MS (ESI) m/z: [M+H]+ Calcd. for C15H14N2Br 301.03; Found 301.05; [M−H]− Calcd. 

for C15H14N2Br 299.02; Found 298.96.  

General procedure for region-selective alkylation of benzimidazoles (2A-2C). To an oven 

dried flask was added 1A-1C, KI and dry THF. KOtBu in THF was added slowly at room 

temperature, followed by 1-bromohexane. The reaction was sealed and heated at 60 °C under N2 

for 24 hours. Upon completion (as monitored by TLC Hex/EtOAc), the reaction was poured into 

DCM and washed with water and dried over Na2SO4. The crude was purified via silica gel plug, 

eluting with hexane followed by EtOAc/Hex. 

1-hexyl-2-(4-bromobenzene)-benzimidazole (2A).  Reaction of 1A (2.0 g, 7.3 mmol), 

hexylbromide (12.1 g, 73.3 mmol), KOtBu (1.6 g, 14.6 mmol) and a catalytic amount of KI in 150 
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mL dry THF yields 2.27 g of the title compound as a reddish liquid (87 % yield). 1H NMR (500 

MHz, CDCl3): d 7.83 (m, 1H), 7.67 (d, J = 8.5, 2H), 7.60 (d, J = 8.5, 2H), 7.41 (m, 1H), 7.32 (m, 

2H), 4.21 (t, J = 8, 2H), 1.81 (m, 2H), 1.23 (m, 6H), 0.85 (t, J = 7, 3H).  MS (ESI) m/z: [M+H]+ 

Calcd. for C19H22N2Br 357.10; Found 357.18. 

1-hexyl-2-(4-bromo-2-methylbenzene)-benzimidazole (2B).  Reaction of 1B (2.0 g, 7.0 

mmol), hexylbromide (5.75 g, 34.8 mmol), KOtBu (1.56 g, 13.9 mmol) and a catalytic amount of 

KI in 150 mL dry THF yields 2.11 g of the title compound as a reddish liquid (81 % yield). 1H 

NMR (500 MHz, CDCl3): d 7.82 (d, J = 8, 1H), 7.53 (s, 1H), 7.46 (d, J =8.5, 1H), 7.42 (d, J = 8.5, 

1H), 7.32 (m, 2H), 7.26 (m, 1H), 3.98 (t, J = 8, 2H), 2.23 (s, 3H), 1.67 (m, 2H), 1.15 (m, 6H), 0.82 

(t, J = 7.5, 3H). MS (ESI) m/z: [M+H]+ Calcd. for C20H24N2Br 371.11; Found 371.17. 

1-hexyl-2-(4-bromo-2,6-dimethylbenzene)-benzimidazole (2C). Reaction of 1C (800 mg, 

2.7 mmol), hexylbromide (2.2 g, 13.3 mmol), KOtBu (600 mg, 5.3 mmol) and a catalytic amount 

of KI in 60 mL dry THF yields 895 mg of the title compound as a brown liquid (91 % yield). 1H 

NMR (400 MHz, CDCl3): d 7.79 (m, 1H), 7.41 (m, 1H), 7.31 (m, 4H), 3.83 (t, J = 7.5, 2H), 2.05 

(s, 6H), 1.59 (m, 2H), 1.18 (m, 6H), 0.82 (t, J = 7, 3H). MS (ESI) m/z: [M+H]+ Calcd. for 

C21H26N2Br 385.13; Found 385.21. 

General procedure for malononitrile coupling (3A-3C): An oven dried flask was charged 

with 2A-2C, Pd(PPh3)4, NaOtBu, and degassed DME. A solution of malononitrile in degassed 

DME was then added via syringe at room temperature under N2.  The reaction flask was then 

sealed and heated to 75 °C for 12 h. The reaction mixture was diluted into water and precipitated 

by adjusting the pH to 6.5 with slow addition of 2M HCl. The resulting solid was isolated by 

filtration then purified by column chromatography on silica gel, eluting with 60% EtOAc in 

hexanes.  
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1-hexyl-2-(4-(dicyanomethyl)benzene)-benzimidazole (3A). Reaction of 2A (1.78 g, 5.0 

mmol), malononitrile (990 mg, 15.0 mmol), Pd(PPh3)4 (580 mg, 0.5 mmol), and NaOtBu (2.9 g, 

30.0 mmol) in 45 mL DME yields 1.44 g of the title compound as a tan powder (82 % yield). 1H 

NMR (400 MHz, d6-dmso): d (ppm) 8.00 (m, 1H), 7.74 (m, 1H), 7.56 (d, J = 8.8, 2H), 7.55 (m, 

2H), 6.97 (d, J= 8.8, 2H), 4.48 (t, J = 7.6, 2H), 2.50 (s, 6H), 1.82 (m, 2H), 1.20 (m, 6H), 0.81 (t, J 

= 6.8, 3H).  MS (ESI) m/z: [M+H]+ Calcd. for C22H23N4 343.19; Found 343.30; [M-H]- Calcd. for 

C22H21N4 341.18; Found 341.31. 

1-hexyl-2-(4-(dicyanomethyl)-2-methylbenzene)-benzimidazole (3B). Reaction of 2B (1.14 

g, 3.07 mmol), malononitrile (607 mg, 9.21 mmol), Pd(PPh3)4 (350 mg, 0.3 mmol), and NaOtBu 

(1.77 g, 18.42) in 45 mL DME yields 830 mg of the title compound as a tan powder (76 % yield). 

1H NMR (500 MHz, d6-dmso): d(ppm) 8.05 (d, J = 9, 1H), 7.80 (d, J = 9, 1H), 7.62 (m, 2H), 7.31 

(d, J=8.5, 1H), 6.80 (s, 1H), 6.77 (m, 1H), 4.32 (t, J = 8, 2H), 2.16 (s, 3H), 1.70 (m, 2H), 1.10 (m, 

6H), 0.76 (t, J = 7, 3H). MS (ESI) m/z: [M+H]+ Calcd. for C23H25N4 357.21; Found 357.32; [M-

H]- Calcd. for C23H23N4 355.19; Found 355.22.  

1-hexyl-2-(4-(dicyanomethyl)-2,6-dimethylbenzene)-benzimidazole (3C). Reaction of 2C 

(895 mg, 2.4 mmol), malononitrile (480 mg, 7.24 mmol), Pd(PPh3)4 (280 mg, 0.24 mmol), and 

NaOtBu (1.39 g, 14.46 mmol) in 36 mL DME yields 620 mg of the title compound as a tan powder 

(70 % yield). 1H NMR (400 MHz, d6-dmso): d(ppm) 8.07 (m, 1H), 7.83 (m, 1H), 7.64 (m, 2H), 

6.65 (s, 2H), 4.21 (t, J = 9, 2H), 1.97 (s, 6H), 1.66 (m, 2H), 1.14 (m, 6H), 0.77 (t, J = 8.5, 3H). MS 

(ESI) m/z: [M+H]+ Calcd. for C24H27N4 371.22; Found 371.28; [M-H]- Calcd. for C24H25N4 

369.21; Found 369.19. 

General procedure for alkylation and deprotonation (BXTMC-2). To a round bottom flask 

was added 3A-3C, KOtBu, and acetone. The mixture was cooled to 0 °C prior to the dropwise 
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addition of freshly prepared pentyl triflate in acetone. The reaction was stirred at 0 °C for 1 h. The 

solvent was then removed in vacuo, taken up in DCM and filtered. The supernatant was purified 

by column chromatography on silica gel using a gradient of EtOAC in DCM (0 – 20%).  

1-hexyl-2-(4-(dicyanomethanide)benzene)-3-pentylbenzimidazole (B0TMC-2). Reaction 

of 3A (600 mg, 1.74 mmol), pentyl triflate (426 mg, 1.92 mmol), KOtBu (194 mg, 1.74 mmol), in 

15 mL acetone yields 310 mg of the title compound as a yellow powder (43 % yield). 1H NMR 

(500 MHz, d6-dmso): d (ppm) 8.10 (m, 2H), 7.68 (m, 2H), 7.42 (d, J = 9, 2H), 6.96 (d, J = 9, 2H), 

4.32 (t, J = 7.5, 4H), 1.69 (m, 4H), 1.15 (m, 10 H), 0.764 (m, 6H). 13C{H} NMR (500 MHz, d6-

dmso): d 151.85, 147.87, 131.49, 130.52, 126.71, 124.16, 118.41, 113.96, 107.52, 32.61, 30.85, 

28.73, 28.51, 28.25, 25.77, 22.29, 21.87, 14.22, 14.08. MS (ESI) m/z: [M+H]+ Calcd. for C27H33N4 

413.27; Found 413.29. Anal. Calcd. For C27H32N4: C, 78.60; H, 7.82; N, 13.58. Found: C, 78.97; 

H, 7.67; N, 13.36. 

1-hexyl-2-(4-(dicyanomethanide)-2-methylbenzene)-3-pentylbenzimidazole (B1TMC-2). 

Reaction of 3B (400 mg, 1.12 mmol), pentyl triflate (272 mg, 1.23 mmol), KOtBu (125 mg, 1.12 

mmol), in 12 mL acetone yields 120 mg of the title compound as a yellow powder (25 % yield). 

1H NMR (500 MHz, d6-dmso): d (ppm) 8.13 (m, 2H), 7.71 (m, 2H), 7.30 (d, J = 8, 1H), 6.82 (s, 

1H), 6.79 (d, J = 8, 1H), 4.36 (m, 2H), 4.11 (m, 2H), 2.00 (s, 3H), 1.66 (m, 4H), 1.14 (m, 10H), 

0.77 (m, 6H).  13C {H} NMR (500 MHz, d6-dmso): d 151.58, 147.76, 137.75, 131.46, 131.44, 

130.74, 126.88, 124.52, 119.70, 116.46, 114.25, 107.47, 31.57, 30.88, 28.65, 28.43, 28.24, 25.77, 

22.25, 21.89, 19.59, 14.21, 14.04. MS (ESI) m/z: [M+H]+ Calcd. for C28H35N4 427.29; Found 

427.2. Anal. Calcd. For C28H34N4: C, 78.83; H, 8.03; N, 13.13. Found: C, 78.65; H, 7.81; N, 12.98.  

1-hexyl-2-(4-(dicyanomethanide)-2,6-dimethylbenzene)-3-pentylbenzimidazole 

(B2TMC-2). Reaction of 3C (400 mg, 1.08 mmol), pentyl triflate (263 mg, 1.2 mmol), KOtBu 
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(120 mg, 1.08 mmol), in 12 mL acetone yields 242 mg of the title compound as a yellow powder 

(% yield). 1H NMR (400 MHz, d6-dmso): d (ppm) 8.15 (m, 2H), 7.73 (m, 2H), 6.68 (s, 2H), 4.21 

(t, J = 8, 4H), 1.92 (s, 6H), 1.65 (m, 4H), 1.19 (m, 10H), 0.78 (m, 6H).  13C {H} NMR (500 MHz, 

d6-dmso): d 151.07, 147.56, 137.91, 131.47. 127.13, 124.69, 117.92, 114.47, 107.35, 31.08, 30.92, 

28.72, 28.50, 28.37, 25.91, 22.23, 21.93, 19.90, 14.23, 14.03. MS (ESI) m/z: [M+H]+ Calcd. for 

C29H37N4 441.30; Found 441.35. Anal. Calcd. For C29H36N4: C, 79.05; H, 8.24; N, 12.72. Found: 

C, 78.92; H, 8.24; N, 12.69.  

S1.2 Calculation of intrinsic hyperpolarizability. The maximum theoretical 

hyperpolarizability, defined by Eq. S1.1, depends on the first excitation energy, Eeg, the number 

of electrons, N, and fundamental constants.1  

𝛽&rs = √3p u jℏ
√&
v
L w7/1

B3n
y/1        (S1.1) 

In the case of conjugated p systems, it is convention to include two electrons for each double 

bond, and for BXTMC-2 chromophores, two additional electrons for the anionic donor group and 

two for the nitrogen lone pair. The total number of electrons N = 18 for these systems. Eeg is taken 

as the onset of the low energy optical absorption in DCM.  

Table S1.1. Calculation of intrinsic hyperpolarizability (bmax) from number of polarizable electrons (N), 
lowest transition energy (E01) and EFISH derived beta (bobs) 

 N E01 (eV) |bobs| 
(esu x 10-30) 

bmax 
(esu x 10-30) 

bint 

B0TMC-2 18 2.55 486 3370 0.14 
B1TMC-2 18 2.62 499 3070 0.16 
B2TMC-2 18 2.67 1056 2870 0.37 

TMC-2 14 2.18 890 4010 0.20 
                                                        
1  Kuzyk, M. G.; Singer, K. D.; Stegeman, G. I., Theory of Molecular Nonlinear Optics. Adv. Opt. Photonics 2013, 5 
(1), 4. 
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S1.3 Electric-field induced second harmonic generation (EFISH). EFISH measurements 

were carried out in CH2Cl2, dimethylformamide (DMF) and anhydrous CHCl3 solutions of 

different concentrations at a non-resonant fundamental wavelength of 1907 nm using a Q-

switched, modelocked Nd3+:YAG laser (pulse durations of 15 ns (90 ns) at a 10 Hz repetition rate). 

The 1064 nm initial wavelength was shifted to 1907 nm by a Raman shifter with a high-pressure 

H2 cell. The µβvec values reported (see Table S1.2) are the averages of more than 10 successive 

measurements performed on each sample. 

Table S1.2. EFISH measurements in DCM solution 

B0TMC-2 B1TMC-2 B2TMC-2 
Conc. (M) µβvec  

(x10-48 esu) Conc. (M) µβvec 
(x10-48 esu) Conc. (M) µβvec 

(x10-48 esu) 
10-4 -10300 ± 1030 10-4 -8420 ± 1077 10-4 -9660 ± 1540 

5 x 10-5 -8600 ± 3010 5x10-5 -11730 ± 2672 5x10-5 -19620 ± 2355 
  10-5 -13831 ± 9680 10-5 -26000 ± 2600 

 

Table S1.3. EFISH measurements in DMF solution 

B0TMC-2 B1TMC-2 B2TMC-2 
Conc. (M) µβvec 

(x10-48 esu) 
Conc. (M) 

µβvec 
(x10-48 esu) 

Conc. (M) 
µβvec 

(x10-48 esu) 
10-4 -8400 ± 1300 10-4 -12740 ± 1660 10-3 -12000 ± 1200 

    10-4 -20370 ± 2037 
    5 x 10-5 -18670 ± 7624 

 

S1.4. Nuclear Overhauser effect (NOE) NMR spectroscopy. B0TMC-2, B1TMC-2 and 

B2TMC-2 were dissolved in dry DMSO-d6; the resulting solutions degassed via four freeze-pump-

thaw cycles. NOE measurements as a function of temperature (298-358 K) were performed on a 

Bruker Avance III spectrometer operating at 400.13 MHz, equipped with the Smartprobe, using 
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the 1D-GOESY pulse sequence developed by Keeler and co-workers,2,3 under the initial rate 

approximation.4  

 

Scheme S1.1. Chemical structure and numbering scheme of syn and anti conformations for B0TMC-2, 
B1TMC-2 and B2TMC-2 chromophores. 

                                                        
2  Stott, K.; Stonehouse, J.; Keeler, J.; Hwang, T. L.; Shaka, A. J., Excitation Sculpting in High-Resolution Nuclear 
Magnetic Resonance Spectroscopy: Application to Selective NOE Experiments. J. Am. Chem. Soc. 1995, 117, 4199. 

3  Stonehouse, J.; Adell, P.; Keeler, J.; Shaka, A. J., Ultrahigh Quality NOE Spectra. J. Am. Chem. Soc. 1994, 116, 
6037-6038. 

4 The mixing time (tm) was set to 100 ms as a good compromise between initial rate approximation and a sufficient 
signal to noise ratio. Neuhaus, D.; Williamson M. The Nuclear Overhauser Effect in Structural and Conformational 
Analysis; VCH Publishers: New York, 1989. 
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Figure S1.1. Cross-relaxation rate constants sIS for B0TMC-2, B1TMC-2 and B2TMC-2 measured from 
1D-NOESY NMR experiments in dry DMSO-d6 as a function of temperature. 

Table S1.4. Average internuclear distance <rIS> (Å) and correlation time tc (10-12 s, at 298 K) estimated 
from the best nonlinear least-squares fit of cross relaxation data for B0TMC-2, B1TMC-2 and B2TMC-2. 

 <rIS> tc 

 B0TMC-2  

Hd-Ha 3.01 245 

 B1TMC-2  

Me-Hc 2.63 372 

Me-Ha 3.06 294 

Hd-Hb 3.33 295 

 B2TMC-2  

Me-Hc 2.59 326 

Me-Ha 2.95 285 

 

In order to correlate the experimentally determined internuclear distances between aromatic 

(Me or Hd groups) and benzimidazole (Ha and Hb protons) moieties with the average twist angle 
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in solution (q, Scheme S1.1), average internuclear distances (under rIS-6 averaging)5 as a function 

of dihedral twist angle were computed from X-ray structures. The comutation was performed using 

the following assumptions. i) Considering that, out of the two average Me-Hc distances computed 

for the two limiting static conformations, having one shorter and one longer Me-Hc distances (2.62 

and 2.84, respectively, Scheme S1.2), the former compares well with the experimentally measured 

Me-Hc distance (about 2.6 in both B2TMC-2 and B1TMC-2),6 only conformations having one 

shorter Me-Ha distances were considered, when computing average Me-Ha distances as a function 

of q for each Me-Ha pairs.7 ii) For the symmetric systems (B2TMC-2 and B0TMC-2), were Ha 

and Hb are magnetically equivalents,8 only the conformation in which the two n-alkyl chains points 

in opposite directions, with respect to the benzimidazole moiety (conformation anti, Scheme S1), 

was considered. iii) The situation is more complex in the case of the asymmetric system B1TMC-

2, for which Ha and Hb are magnetically inequivalents (dHa = 4.11 ppm, dHb = 4.38 ppm at 298 K). 

The experimental observation that Me-Ha and Hd-Hb NOEs are stronger than the corresponding 

Me-Hb and Hd-Ha NOEs (Figure S1.2) can still be compatible with the presence of only the anti 

conformation (Scheme S1.1); However, the observation that the NOEHb-He is about 1.35 time 

stronger than the NOEHa-He (Figure S1.2) suggests the presence of an additional conformation in 

which the Hb moiety is closer to He. The simplest way to model this experimental evidence is to 

                                                        
5  Neuhaus, D.; Williamson, M., The Nuclear Overhauser Effect in Structural and Conformational Analysis. VCH 
Publishers: New York, 1989. 

6  This is due to the well-known phenomenon that the NOEs tends to overweight shorter distances, due to r-6 
dependence.  

7  This means that, in the case of B2TMC-2 for example, only 24 static distances (instead of 48) are averaged for each 
value of q and a given conformation of the two n-alkyl chains. 

8  In principle, the two pairs of methylene hydrogens closer to nitrogen atoms should be different because R≠R’. 
However, since R = C4 alkyl chain and R’ = C5 alkyl chains, the difference in chemical shift is negligible. 
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consider the presence of the syn conformation in which the two n-alkyl chains are pointing toward 

the same directions with respect to the benzimidazole plane (Scheme S1.1).9 Assuming that the 

observed NOEHb-He/NOEHa-He ratio is only due to the relative fraction of anti and syn 

conformations, lead to estimate the percent population of anti (86%) and syn (14%) conformers. 

Consequently, computed average Me-Ha and Hd-Hb distances as a function of q are weighted for 

the percent population of anti and syn isomer.  

 

 

Scheme S1.2. Limiting static conformations of Me moiety and Hc protons in the benzene ring of B0TMC-
2, B1TMC-2 and B2TMC-2 chromophores. 

                                                        
9  For simple steric considerations, out of the two possible syn conformations, only the one with both n-alkyl chains 
pointing toward Hd is considered. 
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Figure S1.2. Two sections of 2D NOESY NMR experiment of B1TMC-2 (DMSO-d6, 323 K) showing 
that: i) Me-Ha and Hd-Hb NOE contacts are much stronger than Me-Hb and Hd-Ha ones; ii) He-Hb NOE 
interaction is stronger than He-Ha one.  

Under those assumptions, average internuclear distances as a function of dihedral twist angle 

q (approximately equal to 60°, 65°, 70°, 75°, 80°, 85° and 90°) for B0TMC-2, B1TMC-2 and 

B2TMC-2 were computed. The results are reported in Figure 1.4 of the main text. It must be noted 

that, considering the simplified approach described above, these computed average distances are 

somewhat biased toward shorter distances (i.e. toward the distance of closest approach); 

consequently, the derived twist angle in solution (obtained by comparing experimental internuclear 

distances with computed ones, Figure 4 of the main text) are somewhat underestimated, 

representing a kind of lower limit for q. First of all, it does appear that q values for B1TMC-2 are 

very similar if estimated using NOEMe-Ha (77°) or NOEHd-Hb (78°), suggesting that the assumptions 

are reasonable. Concerning the comparison between the three chromophores, there is no doubt that 
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B0TMC-2 exhibits the smallest twist angle (64°) in solution. However, B1TMC-2 and B2TMC-

2 were found to have very similar twist angles (77-78° and 76°, respectively), according to the 

present analysis. 

S1.5. Crystallographic information. Single crystals of BXTMC-2 chromophores were 

grown by layering of n-hexane on to a dichloromethane solution. Crystals were mounted in inert 

oil and transferred to a nitrogen stream on the diffractometer, equipped with a Bruker Kappa APEX 

CCD area detector and a CuKα microsource with MX optics or a MoKα source with graphite 

optics. The crystal was maintained at 100 K during data collection. Structures were solved by 

direct methods in Olex2,10 and structural refinements were made with using ShelXL.11  

Table S1.5. X-ray Crystallographic Data for B0TMC-2, B1TMC-2, and B2TMC-2 

Compound B0TMC2 B1TMC-2 B2TMC-2 

Formula C27H32N4 C28H34N4 C29H36N4 

Molecular Weight 412.6 426.6 440.6 

Crystal System Monoclinic Triclinic Triclinic 

Space Group P21/n P1{ P1{ 

T (K) 100 100 100 

a (Å) 9.1171(6) 9.6621(10) 10.2578(6) 

b (Å) 17.2703(14) 14.6897(17) 13.5871(8) 

c (Å) 15.3013(11) 17.747(2) 18.4790(11) 

ɑ (°) 90 90 90 

β (°) 100.518(4) 104.666(5) 104.030(3) 

ɣ (°) 90 90 90 

                                                        
10  Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H., Appl. Crystallogr. 2009, 42, 
339-341. 

11  Sheldrick, G. M., Acta. Crystallogr. Sect. A 2007, 64, 112-122. 
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V (Å3) 2368.8(3) 2436.8(5) 2498.7(3) 

Z 4 1 1 

Reflections Collected 4141 7052 7222 

Observed Reflections 3311 6827 6961 

Restraints/Parameters 130/318 0/583 0/885 

R1 0.1337 0.1313 0.0791 

wR2 0.4460 0.3236 0.2109 

GooF 2.109 1.081 1.089 

 

S1.6. Extracting parameters from optical spectra 

S1.6.1 Excited state dipole moment and Dµeg. The McRae equation provides a simple means 

to calculate Dµeg from the change in CT absorption (Dlmax) in solvents of differing polarity.12,13,14 

The solvent polarity function f(e, n2), defined here by the dielectric constant (e) and refractive 

index (n), is related to the change in absorption energy (in wavenumbers) between a chromophore 

in solution and in vacuum. 

 𝑣 − 𝑣, = −𝑚𝑓(𝜀, 𝑛8)         (S1.2) 

Here v is absorption maximum in solvent, and v0 is the maximum in vacuum. The slope m is 

the slope related to Dµeg, via eq. S1.3, where e0 is the permittivity of a vacuum, h is planks constant, 

c the speed of light, a0 is the Onsager cavity radius, and µg is the DFT derived ground state dipole 

moment.  

                                                        
12  McRae, E. G., J. Phys. Chem. 1957, 61, 562. 

13  Manohara, S. R.; Kumar, V. U.; Shivakumaraiah; Gerward, L., Mol. Liq. 2013, 181, 97. 

14  Grabowski, Z. R.; Rotkiewicz, K.; Rettig, W., Chem. Rev. 2003, 103, 3899. 
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 Δ𝜇jk =
./�3�:r37

>@
𝑚         (S1.3) 

We have taken the Onsager cavity radius (a0) to be half the length of the p conjugated region. 

Fitting of solvatochromic data for BXTMC-2 chromophores then allows for extraction of the Dµeg 

as reported in Table S1.6. 

  

 

Figure S1.3. Solvatochromic measurement of BXTMC-2 chromophores. Films were spin-coated onto glass 
substrates using CHCl3 solution.  
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Figure S1.4. Extraction of parameters from optical absorption. Left: CT peaks are fit to estimate transition 
dipole moments. Right: Linear regression of solvatochromic shift of the CT maximum. 



 

 

146 

 

S1.6.2 Extraction of transition moments. The transition moment can be extracted by 

integrating the CT peak when e (M-1cm-1) is plotted against E (eV).15  

Z𝜇jk∗ Z
8
= �i.9L×9,

�7

B?@
�∫ 𝜀(𝐸)𝑑𝐸�

,         (S1.4) 

The two lowest energy transitions in DCM can be de-convoluted, allowing for extraction of 

the CT transition moments.  

Table S1.6. Parameters extracted from optical spectra of BXTMC-2 in DCM. 

 u0 (cm-1) a0 (Å)** m µg (D)* Dµeg (D) µeg (D) 

B0TMC-2 20214 5.8 6643 ± 780 21.2 -12.36 ± 1.5 5.45 

B1TMC-2 20731 5.8 7538 ± 965 23.5 -12.67 ± 1.6 4.72 

B2TMC-2 20492 5.8 8331 ± 1130 24.6 -13.37 ± 1.8 3.43 

*computed using DFT, see table HF/6-31G** geometry **taken as ½ the pi system length as 
determined by the crystal structure. 
 

S1.7. Computational methodology. Structures were optimized in Q-Chem16 at the HF and 

B3LYP level with a 6-31G** basis set in the gas phase (with no geometric constraints). The HF 

optimized structures showed closer agreement to the measured torsional angles. The alkyl chains 

were truncated to simplify geometry optimizations; an ethyl group is sufficient to accurately obtain 

the steric interaction which defines the torsional angle. Structures were checked for imaginary 

vibrational modes to confirm an energy minimum. Excited state dipole moments were calculated 

                                                        
15  Perez-Moreno, J.; Zhao, Y.; Clays, K.; Kuzyk, M. G.; Shen, Y.; Qiu, L.; Hao, J.; Guo, K., Modulated Conjugation 
as a Means of Improving the Intrinsic Hyperpolarizability. J. Am. Chem. Soc. 2009, 131, 5084-5093. 

16  Shao, Y.; Gan, Z.; Epifanovsky, E.; Gilbert, A. T. B.; Wormit, M.; Kussmann, J.; Lange, A. W.; Behn, A. et al. 
Advances in molecular quantum chemistry contained in the Q-Chem 4 program package. Molecular Physics 2015, 
113 (2), 184-215 
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in Q-Chem using TDDFT CAM-B3LYP/6-31G**. Qualitatively good agreement with 

experimental spectra suggests that the electronic structures calculated in the gas phase are similar 

to those observed experimentally in solution. Discrepancy in Dµeg likely results of the stabilization 

from dipole moments in solution versus gas, our estimation of Onsager cavity, or a combination 

of factors. We also note that without geometric constraints, the torsional angles are close, but do 

not exactly match those determined by NOE and crystallographic characterization. We did not 

pursue nonlinear optical properties calculations.  

Table S1.7. Gas phase HF/6-31G** geometries, TDDFT using CAM-B3LYP/6-31+G** 

 twist angle E01 (eV) E02 (eV) µg (D) Dµge (D) 
B0TMC-2 51.1 3.0 4.1 21.22 -19.5 
B1TMC-2 67.9 2.7 3.8 23.46 -24.6 
B2TMC-2 89.0 2.4 3.8 24.58 -27.4 
 

Table S1.8. Gas phase B3LYP/6-31G** geometries, TDDFT using CAM-B3LYP/6-31+G** 

 twist angle E01 (eV) E02 (eV) µg (D) Dµge (D) 
B0TMC-2 41.7 3.0 3.9 20.71 -14.95 
B1TMC-2 53.6 2.8 3.9 21.73 -18.50 
B2TMC-2 68.0 2.6 4.0 23.05 -22.41 
 

S1.8. Cyclic voltammetry. CV solutions were prepared containing 0.1 M Bu4NPF6 in 

anhydrous acetonitrile; the chromophores measured at ~2 mM concentration, and solutions were 

bubbled with N2 to displace oxygen. Measurements were performed using a glassy carbon working 

electrode, Ag/AgCl reference, and referenced to Fc/Fc+, scanning at a rate of 50 mV/s. 

Table S1.9. Cyclic voltammetry of BXTMC-2. 

 Eox (eV) Ered (eV) E01 (eV) 
B0TMC-2 0.24 -1.94 2.18 
B1TMC-2 0.36 -2.03 2.39 
B2TMC-2 0.34 -2.10 2.44 
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Figure S1.5. TGA analysis with ramp rate of 10 oC/min under N2. 
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Chapter 2 Appendix 
 

S2.1. Materials synthesis and characterization. Reagents were purchased from Sigma 

Aldrich and used without purification unless otherwise noted. The commercially obtained 

tetrabutyl phosphonium bromide (Bu4P+Br–) and tetrabutylammonium bromide (Bu4N+Br–) was 

pure by NMR and showed very low levels of visible absorption which were subtracted as baseline 

in UV-Vis experiments. Bu4P+Br- was dried at > 100 °C under vacuum for several days to 

minimize the water content. Solutions used for optical absorption, NMR, and vibrational 

spectroscopy studies were treated with basic alumina to eliminate trace levels of acid. All samples 

were then dried over 4Å molecular sieves. Chromophore B2TMC-2 was synthesized and purified 

as reported previously.17 Films were spin coated (4000 rpm, 30s) onto glass substrates from 

solutions with 20 mg/mL PMMA, 4 mg/mL chromophore, with varied amount of Bu4P+Br- (0.4 

mg/mL, 2 mg/mL, and 10 mg/mL) in CHCl3. The films are expected to approximately reflect the 

composition of the solutions from which they were cast. 

S2.2. Solvatochromic measurements with Bu4P+Br– and Bu4N+Br– in CHCl3. The same 

experiment performed for Bu4P+Br– was repeated with nitrogen analogue Bu4N+Br– (Figure S2.1, 

left). In literature, it is common to see selective solvation of similar probe molecules, such as 

Reichardt’s Dye by organic salts in binary organic salt/organic solvent mixtures.18 Such trends are 

                                                        
17 Lou, A. J.-T.; Righetto, S.; Barger, C.; Zuccaccia, C.; Cariati, E.; Macchioni, A.; Marks, T. J. Unprecedented Large 
Hyperpolarizability of Twisted Chromophores in Polar Media. J. Am. Chem. Soc., submitted 2018. 

18 Ab Rani, M. A.; Brant, A.; Crowhurst, L.; Dolan, A.; Lui, M.; Hassan, N. H.; Hallett, J. P.; Hunt, P. A.; Niedermeyer, 
H.; Perez-Arlandis, J. M.; Schrems, M.; Welton, T.; Wilding, R. Understanding the Polarity of Ionic Liquids. Phys. 
Chem. Chem. Phys. 2011, 13, 16831-16840; (c) Reichardt, C. Pyridinium N-phenolate Betaine Dyes as Empirical 
Indicators of Colvent Polarity: Some New Findings. Pure Appl. Chem. 2004, 76, 1903-1919. 
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also present in the salt/B2TMC-2 system as evidenced by the initial decrease in lCT below 5% salt 

(Figure S2.1, right), and are confirmed by NMR experiments (below).  

 
Figure S2.1. Left: UV-Vis spectroscopy of B2TMC-2 in CHCl3 with various amounts of Bu4N+Br–. Right: 
CT maximum with respect to salt mol percent 

To confirm that spectroscopic changes are a result of halochromism and not related to changes in 

aggregation, concentration dependent measurements in CHCl3 were pursued, and showed 

consistnet lCT over ~2 orders of magnitude dilution. 

 
Figure S2.2. Linear optical absorption of B2TMC-2 in CHCl3 

S2.3. Infrared vibrational spectroscopy of B2TMC-2 in Bu4P+Br–/CHCl3 solution. 

Vibrational spectroscopy was performed to observe changes in the CN stretching modes with 

increasing concentrations of Bu4P+Br– (Figure S2.3). These modes are known to be sensetive to 

the amount of neagative charge on the dicyanomethanide donor group, and thus are diagnostic of 

the chromophroe electronic strucutre. Shifts in the main v(CN) peak from 2175 ± 0.1 to 2172 ± 
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0.2 cm-1 and the low energy side component from 2139 ± 0.1 to 2135 ± 0.3 cm-1 suggest that  the 

electron density is increased by the presence of Bu4P+Br– salt. Other diagnostic regions of the IR 

spectrum proved difficult to interpret due to overlap of peaks from the highly concentrated 

Bu4P+Br– salt.  

 
Figure S2.3. Infrared vibrational spectroscopy of B2TMC-2 in pure CHCl3 and CHCl3 with 0.05, 0.1, and 
0.5 M Bu4P+Br–. The area shown encompasses the v(CºN) in-phase (2172-2175 cm-1) and out of phase 
(2135-2139 cm-1) vibrations. 

S2.4. NMR with varied concentration of Bu4P+Br– and Bu4N+Br– in CDCl3. NMR 

experiments were performed by adding stock solution of salt/CDCl3 to a B2TMC-2/CDCl3 

solution at room temperature (Figure S2.4). Because of the impact of the salt on solvent chemical 

shift, the spectra were shifted such that the chemical shift of the salt and silicone internal standard 

remained constant. The solvent (CHCl3) signal is removed from figures for visual clarity. Plots of 

the donor and aceptor chemical shifts in the prenece of Bu4P+Br– and Bu4N+Br– suggest selective 

solvation of B2TMC-2 (Figure S2.5), similar to what was seen in UV-Vis. 
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Figure S2.4. NMR chemical shifts of the aromatic region of B2TMC-2 with increasing amounts of 
Bu4N+Br– in CDCl3 

  
Figure S2.5. Acceptor (left) and donor (right) chemical shifts as a function of salt mol percent 

S2.5. EFISH experimental details and full results. EFISH measurements were carried 

out on solutions of CH2Cl2 and CHCl3 with an incident wavelength of 1907 nm, obtained by 

Raman-shifting the fundamental 1064 nm wavelength produced by a Q-switched, mode-locked 

Nd3+:YAG laser manufactured by Atalaser. The µb values reported are the mean values of several 

measurements performed on the same sample. CHCl3 was treated with basic Al2O3 prior to use. In 

addition, CHCl3 was also distilled from CaH2 to remove trace amount of water when the 

measurements were performed in the presence of Bu4P+Br–. bvec is calcaulted usign the DFT 

derived ground state dipole moment in footnote 17, using the highest reliable dilution. 
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Table S2.2. EFISH and linear absorption of B2TMC-2 in solutions of Bu4P+Br–/CHCl3, CH2Cl2, and CHCl3 

 

[Bu4P+Br–] lCT µbvec (× 10-48 esu) 

(M) (nm) 1.0 × 10-3 5.0 × 10-4 1.0 × 10-4 5.0 × 10-5 

Pure CHCl3 425 -875 ± 154 ---- -2,160 ± 425 ------ 

(A) 1.0 × 10-4 425 ---- ---- -13,000 ± 1300 ---- 

(B) 5.0 × 10-2 (a) 411 ---- -9,760 ± 9760 -18,400 ± 1190 -22,160 ± 2660 

(C) 1.0 × 10-1 403 -2,190 ± 219 -10,760 ± 753 ----- ----- 

(D) 5.0 × 10-1 400 -2,760 ± 550 ---- -20,140 ± 1200 ----- 

Pure CH2Cl2 404 ----- ---- -9,660 ± 1546 -19,620 ± 2354 
(a) the µb of Bu4P+Br– at this concentration resulted in a very low value (-23.7 × 10-48 esu) which is 
maintained at higher concentration. 
 

S2.6. Typical ion pair distances in the solid state.19 In the B2TMC-2/Bu4P+Br– solutions, 

there are four possible cation/anion pairings between the salt and the benzimidazolium cation, Bz+, 

and the dicyanomethanide anion, RC(CN)2–. Crystallographic structures of the relevant ion pairs 

can be found in literature (Figure S2.7); in such coulombic interactions, the cation-anion distance 

is suggestive of the strength of the interaction. Bz+/Br– and Bz+/I– exhibit ion pair distances of ~3.7 

- 4.1 Å, measured by the shortest N--halogen distance. This is shorter than the P--X (X = Cl– and 

                                                        
19 (a) Lou, A. J.-T.; Righetto, S.; Barger, C.; Zuccaccia, C.; Cariati, E.; Macchioni, A.; Marks, T. J. Unprecedented 

Large Hyperpolarizability of Twisted Chromophores in Polar Media. J. Am. Chem. Soc., submitted 2018; (b) Wright, 
A. G.; Weissbach, T.; Holdcroft, S. Poly(phenylene) and m-Terphenyl as Powerful Protecting Groups for the 
Preparation of Stable Organic Hydroxides. Angew. Chem. Int. Ed. 2016, 55, 4818-4821; (c) Zhuo, J.-B.; Zhu, X.-X.; 
Lin, C.-X.; Bai, S.; Xie, L.-L.; Yuan, Y.-F. Design, Synthesis and Anion Recognition of Ferrocene-Based 
Benzimidazolium Receptors. J. Organomet. Chem. 2014, 770, 85-93; (d) Adamova, G.; Gardas, R. L.; 
Nieuwenhuyzen, M.; Puga, A. V.; Rebelo, L. P.; Robertson, A. J.; Seddon, K. R. Alkyltributylphosphonium Chloride 
Ionic Liquids: Synthesis, Physicochemical Properties and Crystal Structure. Dalton Trans. 2012, 41, 8316-8332; (e) 
Muromachi, S.; Takeya, S.; Yamamoto, Y.; Ohmura, R. Characterization of Tetra-n-butylphosphonium Bromide 
Semiclathrate Hydrate by Crystal Structure Analysis. Cryst. Eng. Comm. 2014, 16, 2056-2060; (f) Dean, P. M.; Fraser, 
K. J.; MacFarlane, D. R. CCDC: 740286. CSD Comm. 2009; (g) Turner, D. R.; MacDonald, R.; Teng Lee, W.; Batten, 
S. R. Ammonium Salts of Carbamoyldicyanomethanide, C(CN)2(CONH2)−: Effects of Hydrogen-Bonding Cations on 
Anionic Networks. Cryst. Eng. Comm. 2009, 11, 298-305; (h) Yi, C.; Blum, C.; Liu, S.-X.; Ran, Y.-F.; Frei, G.; Neels, 
A.; Stoeckli-Evans, H.; Calzaferri, G.; Leutwyler, S.; D’ecurtis, S. A Layered Red-Emitting Chromophore Organic 
Salt. Cryst. Growth Des. 2008, 8, 3004-3009; (i) Benaissa, I.; Taakili, R.; Lugan, N.; Canac, Y. A Convenient Access 
to N-Phosphonio-Substituted NHC Metal Complexes [M = Ag(i), Rh(i), Pd(ii)]. Dalton Trans. 2017, 46, 12293-
12305. 
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Br–) distance in Bu4P+, which is ~4.1 - 4.4 Å. In the absence of suitable Bu4P+/RC(CN)2– crystal 

structures in the CSD or in open literature, we expect that the structural similarity of Bu4N+Br–  

and Bu4P+Br– will lead to comparable interactions with RC(CN)2–. The typical N--carbanion 

distance in Bu4N+/RC(CN)2– is between ~4.7 - 5.6 Å. This is longer than in B2TMC-2, where the 

interaction of Bz+ and RC(CN)2–  exhibits a N--carbanion distance of 4.5 Å. These isolated ion 

pair distances suggest that both Br– and RC(CN)2–  have a stronger interaction with Bz+ than Bu4P+, 

likely as a result of the Bu4P+ bulky n-Bu groups. This is in good agreement with our observation 

that Bu4P+Br– has little impact on dHc, but leads to large changes in dHa and lCT.  

Figure S2.6 demonstrates the direct competition of imidazolium (Im+)/Br– and phosphonium 

(R4P+)/Br– interactions in a tethered di-cationic complex. Im+ is similar to Bz+ both in electronic 

and physical structure, with the typical N--Br distance in Im+/Br– crystals on the order of ~3.4 - 

4.1 Å. In Figure S6, the Im+/Br– N--Br distance (~4.0 Å) is similar to that in pure Im+/Br– crystals 

while the shortest P--Br distance is ~4.7 - 4.9 Å, which is ~0.4 - 0.6 Å longer than in Bu4P+Br–. 

The overall magnitude of the interaction, and the elongation of P--Br is further evidence of the 

preference for Im+/Br– interactions over R4P+/Br– ones. 

  
Figure S2.6. Crystal structures accessed by the CSD. Left: Im+/Br– with closest Br--N labeled; Center and 
right: Tethered di-cation system showing competition of R4P+ and Im+ for coulombic interactions with Br– 
(pink).  
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Figure S2.7. Crystal structured accessed by the CSD, atoms are color coded nitrogen (light blue), oxygen 
(red), carbon (grey), bromine (pink), chlorine (green). Panel 1: Measured distance of the shortest N--anion 
distance in Bz+X–; Panel 2: Anhydrous crystal structures of Bu4P+X–; Panel 3: Representative 
Bu4N+RC(CN)2

– salts; Panel 4: Closest N--carbanion distance in B2TMC-2 crystal structure.   
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Chapter 3 Appendix 
 

S3.1. Materials and methods. All reagents were purchased from Sigma-Aldrich and used 

without further purification unless otherwise noted. Tetrahydrofuran (THF), dichloromethane 

(CH2Cl2), and toluene were dried by passing through a column of activated alumina under argon. 

The reagent 2,5-dibromo-1,3-dimethylbenzene was purchased from Combi-Blocks. NMR spectra 

were recorded on Varian Mercury-400 MHz and INOVA-500 MHz spectrometers.  Low resolution 

mass spectra were recorded on Amazon X and Amazon SL LC-ESI mass spectrometer. Elemental 

analysis was performed by Midwest Microlab. Optical spectra were recorded using an Agilent 

Cary 5000 spectrophotometer. 

S3.2. Z-scan measurements. The sensitivity of the nonlinear optical measurements of nonlinear 

refraction can be improved by an order of magnitude by using the dual-arm (DA) Z-scan 

technique20 compared to the single arm Z-scan.21 In this methodology, the solvent is placed in one 

arm and the solution is placed in another arm with identical experimental parameters. In order to 

correlate the noise between two arms (e.g. pulse energy, beam waist, pulse width, and beam 

pointing, etc.), the scans are performed simultaneously.  

In this work, a Ti:Sapphire femtosecond laser (Clark-MXR) producing 1 mJ pulse energy at a 1 

kHz repetition rate at 800 nm is used to pump an optical parametric amplifier (OPA) TOPAS-C 

whose output can be tuned in the range of 1100-2600 nm. The measurements at 800 nm are 

                                                        
20 Ferdinandus, M. R.; Reichert, M.; Ensley, T. R.; Hu, H.; Fishman, D. A.; Webster, S.; Hagan, D. J.; Van Stryland, 
E. W. Dual-Arm Z-scan Technique to Extract Dilute Solute Nonlinearities from Solution Measurements. Opt. Mater. 
Express 2012, 2, 1776. 

21 Sheik-Bahae, M.; Said, A. A.; Wei, T. H.; Hagan, D. J.; Van Stryland, E. W. Sensetive Measurement of Optical 
Nonlinearities Using a Single Beam. IEEE J. Quantum Electron. 1990, 26, 760-769. 
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performed using the output of the laser, and measurements at 1100 nm and 1300 nm are performed 

by fixing the output wavelength from the signal beam of the OPA. At each wavelength, the OA 

signal for a 0.5 mm thick GaAs and CA signal for 1 mm thick fused silica is recorded to calibrate 

the setup and to characterize the spot size and relative pulsewidth in each arm. In addition, similar 

measurements are performed on cuvettes of CS2 to equalize the two arms. The energies in the two 

arms are equalized by matching the peak to valley transmission change, ΔTp-v for CS2.1 The Z-

positions (the beam focus at each arm) are equalized by translating one of the stages where the 

sample is mounted. Open aperture (OA) and closed aperture (CA) signals are recorded 

simultaneously, and the nonlinear refraction (NLR) is extracted after dividing the CA by OA data 

to decouple the nonlinear refraction from the nonlinear absorption (NLA) background. 

The DA Z-scan signals at wavelengths of 800 nm, 1100 nm, and 1300 nm are shown in the 

panels (A-F) of Figure S3.1 for several pulse energies.  Figure S3.1 (A, C, E) shows the normalized 

transmission of OA signal and Figure S3.1 (B, D, E) shows the normalized transmission of CA/OA 

signal as a function of the Z-position indicating NLA and a positive NLR. The OA signal scales 

linearly with the pulse energy, however, the CA/OA scales quadratically with the pulse energy. 

This scaling indicates that two-photon absorption (2PA) is the dominant mechanism in NLA and 

is modeled via the 2PA cross-section, δ2PA. However, a bound-electronic third-order nonlinearity 

cannot accurately explain the observed behavior of CA/OA. We attribute this behavior to the 

excited-state refraction induced by 2PA which can be explained via a cascaded χ(3): χ (1) effect. The 

effective induced change in the phase via nonlinear refraction can be modeled as Δφeff = (k0n2I + 

σESRN)L, where k0 (1/m) is the vacuum wavenumber, n2 (m2/W) is the bound-electronic third-order 

nonlinear refraction related to the second hyperpolarizabilty, I (W/m2) is the beam irradiance, σESR 

(m2) is the excited-state refraction cross-section, N (m-3) is the density of molecules in the excited  
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Figure S3.1. Dual arm (DA) Z-scan signals at 800 nm for A) OA, and B) CA/OA, at 1100 nm for C) OA, 
and D) CA/OA, and at 1300 nm for E) OA, and F) CA/OA for TMC-3’ solution in dry DCM. The nonlinear 
effect of the solvent is subtracted for each wavelength when performing dual-arm measurements. 
Experiments are performed at different laser irradiances in order to characterize the origin of the 
nonlinearity. Solid lines are the fits to the experimental data using the Z-scan theory indicating 2PA and 
positive excited-state NLR induced by 2PA. 
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state induced by 2PA, and L is the sample thickness. Our fittings revealed a very small bound-

electronic third-order nonlinear refraction and large excited-state refractive cross-section. The 

peak–to-valley transmission change, ΔTp-v, scales quadratically with the pulse fluence (F) with the 

relation ΔTp-v ~ k0 δ2PAσESRF2/τ, where τ is the laser pulse width (FWHM). 

S3.3. Finite field computation of polarizability. In order to ease the computational burden, 

structures were computed with truncated side chains, as ethyl groups (TMC-3’-Et) for TDDFT 

and finite field calculations, and as ethyl hexyl groups (TMC-3’-EH) in the case of computation 

of dimers, for which sidechains may play a more important role. The structures were optimized at 

the B3LYP/6-31G** level in Q-Chem22 with constrained inter-aryl torsional angles from 65º to 

85º in 5º increments, as well as at 89º. The state dipole moments for the ground, ICT, and SFCT 

states were calculated by TDDFT (CAM-B3LYP/6-31+G**) in the presence of static electric 

fields (F) applied along the molecular axis, ranging from -0.001 to 0.001 au in 0.0001 au 

increments. The choice of field strength was based on the desire to preserve the character of the 

excited states, as well as to prevent the significant contribution of higher order nonlinearities.  

 

Figure S3.2. Field dependence of TDDFT derived state dipole moments (markers) of TMC-3’-Et at 85º, 
fit with second order polynomial (dotted lines). 

                                                        
22 Shao, Y.; et al. Advances in molecular quantum chemistry contained in the Q-Chem 4 program package. Molecular 
Physics 2015, 113, 184-215. 
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In all cases, a second order polynomial was found to be sufficient for fitting the curves, as is 

shown in Figure S3.2 for the 85º geometry of TMC-3’-Et. Torsional angles below 70º lead to a 

highly mixed character of the SCFT transition and are therefore not reported. The computed 

ground and excited state polarizabilities and sESR (calculated by eq S3.1)23 are reported in Table 

S3.1. 

𝜎Bef =
./1

g
G21h8K1

i2
G𝛼8� − 𝛼kK        (S3.1) 

Table S3.1. ag, asfct and sESR computed by the FF method, using TDDFT derived ICT and SFCT excited 
states.  

Torsional 
Angle 

ag 
(au) 

aSFCT 
(au) 

aICT 
(au) 

sESR @ 800 nm (x 10-17 cm2) 
no change 

in geometry 
5 degree 

planarization 
10 degree 

planarization 
65 2165 --- 1042 --- --- --- 
70 2175 1764 935 -4.14 --- --- 
75 2178 1957 798 -2.23 -4.17 --- 
80 2157 2173 645 0.16 -2.01 -3.96 
85 2090 2308 495 2.20 0.84 -1.34 
89 1342 1563 863 2.23 9.73 8.37 

 

Here we have also taken into account the possibility that the molecular geometry may change 

slightly upon SFCT, leading to a reduction in the torsional angle. Table S1 reports values for sESR 

for the case of 5º and 10º relaxation. Our computational work is benchmarked to experimentally 

derived ag (Table S3.2), which is calculated using the SOS approach with µeg and Eeg values 

extracted from the linear absorption spectrum in DCM. The static value is in very good agreement 

                                                        
23 Li, F.; Song, Y.; Yang, K.; Liu, S.; Li, C. Optics Communications 1998, 145, 53-56. 
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with the FF derived value at 89º geometry, which is consistent with the large torsional angles 

observed in previous work.24  

Table S3.2. ag computed from experimental optical transitions using a three-state SOS model 

 
Wavelength 

800 nm 1100 nm 1300 nm static 
ag (au) 2017 1667 1586 1410 

 

S3.4 Synthesis of TMC-3’ 
 

Synthesis of 4-bromo-3,5-dimethylbenzaldehyde (1). Dry THF (200 mL) and 3,5-

dibromoxylene (15 g, 56.8 mmol) was added to an oven dried flask under N2 and cooled to -78 °C. 

n-butyl lithium (2.67 M solution in hexanes, 22.4 mL) was added drop-wise via syringe pump over 

30 min. After stirring at -78 °C for 30 min, DMF (13 mL) was added slowly, and the reaction was 

warmed to room temperature then stirred for 1 h. The reaction mixture was then quenched into 5% 

HCl, neutralized with saturated NaHCO3, and extracted with ethyl acetate.  The organic phase was 

dried with Na2SO4 and the solvent was removed under reduced pressure. The crude product was 

recrystallized from hexanes to give 10.0 g of the title compound as soft white crystals (83% yield). 

1H NMR (500 MHz, CDCl3): d 9.93 (s, 1H), 7.57 (s, 2H), 2.50 (s, 3H). 

Synthesis of 4-(pinacolatoboron)-3,5-dimethylbenzaldehyde (2). To an oven dried schlenk 

flask, 1 (2.0 g, 9.4 mmol), KOAc (2.8 g 28.2 mmol), Pd(PPh3)2Cl2 (330 mg, 0.46 mmol) and B2Pin2 

(4.8 g, 18.8 mmol) were added under argon atmosphere. 1,4-dioxane (20 mL) was added via 

syringe, then the flask was sealed and heated to 100 °C for 24 h. The reaction mixture was then 

                                                        
24 (a) Kang, H.; Facchetti, A.; Jiang, H.; Cariati, E.; Righetto, S.; Ugo, R.; Zuccaccia, C.; Macchioni, A.; Stern, C. L.; 
Marks, T. J. J. Am. Chem. Soc. 2007, 129, 3267-3286. (b) Shi, Y.; Frattarelli, D.; Watanabe, N.; Facchetti, A.; Cariati, 
E.; Righetto, S.; Tordin, E.; Zuccaccia, C.; Macchioni, A.; Wegener, S. L.; Stern, C. L.; Ratner, M. A.; Marks, T. J. J. 
Am. Chem. Soc. 2015, 137, 12521-12538. 
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poured into water and extracted with ethyl acetate. The organic layer was dried with Na2SO4 and 

concentrated in vacuo. The crude product was purified by column chromatography on silica gel 

using a gradient of 1−10 % ethyl acetate in hexanes to afford the title compound as 2.13 g of 

crystalline white solid (87% yield). 1H NMR (500 MHz, CDCl3): d 9.93 (s, 1H), 7.44 (s, 2H), 2.46 

(s, 6H), 1.41 (s, 12H). 13C{H} NMR (500 MHz, CDCl3): d 193.01, 142.54, 136.82, 127.42, 109.99, 

84.26, 24.98, 21.99.  

Synthesis of 4-(3-methylpyridine)-3,5-dimethylbenzaldehyde (3). An oven dried flask was 

charged with 2 (1.5 g, 5.77 mmol), K3PO4 (4.44 g, 20.96 mmol), 4-chloro-3-methylpyridine 

hydrochloride (860 mg, 5.24 mmol), Pd2dba3 (192 mg, 0.21 mmol) and SPhos (172 mg, 0.42 

mmol) under Ar atmosphere. Toluene (18 mL), then degassed water (2 mL) were added and the 

flask was sealed, then heated to 100 °C for 24 h. The reaction mixture was poured into water, and 

extracted with ethyl acetate. The organic layer was dried over Na2SO4, filtered, and concentrated 

in vacuo. The crude was purified by column chromatography on silica gel using a gradient of 

30−100 % ethyl acetate in hexanes to yield 1.06 g of the title product as a yellow oil, which 

crystallizes upon standing (94% yield). 1H NMR (500 MHz, CDCl3): d 10.01 (s, 1H), 8.61 (s, 1H), 

8.57 (d, J = 5 Hz, 1H), 7.66 (s, 2H), 7.03 (d, J = 5 Hz, 1H), 2.02 (s, 6H), 2.01 (s, 3H). 13C{H} 

NMR (500 MHz, CDCl3): d 192.2, 151.1, 147.9, 147.6, 144.4, 136.2, 135.9, 130.8, 128.9, 122.9, 

20.11, 16.13. MS(ESI) m/z: [M+H]+ Calcd. for C15H15N1O1 226.12; Found 226.09.  

Synthesis of 4-(3-methylpyridine)-1-(E)-styryl-(4-bromobenzene)-3,5-diemthylbenzene 

(4). An oven dried flask was charged with 3 (1.0 g, 4.53 mmol), 6 (1.39g, 4.53 mmol), KOt-Bu 

(1.0 g, 9.07 mmol), and THF (35 mL) under N2. The reaction was stirred at room temperature for 

2 h then poured into water and extracted with dichloromethane. The organic layer was dried over 

Na2SO4, filtered and concentrated under reduced pressure. The crude product was purified by 
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column chromatography on silica gel using a gradient of 30−100% ethyl acetate in hexanes to 

afford 1.32 g of the title compound, a white solid (78% yield). 1H NMR (500 MHz, CDCl3): d 8.61 

(s, 1H), 8.55 (d, J = 5 Hz, 1H), 7.52 (d, J = 8.5 Hz, 2H) 7.50 (d, J = 8.5 Hz, 2H), 7.31 (s, 2H), 7.17 

(d, J = 5.5 Hz, 1H), 7.09 (s, 2H), 2.14 (s, 3H), 1.96 (s, 6H). 13C{H} NMR (500 MHz, CDCl3): d 

136.5, 136.2, 135.3, 131.8, 128.9, 127.9, 127.6, 125.8, 124.1, 121.4, 60.4, 20.2, 16.3, 14.2. MS 

(ESI) m/z: [M+H]+ Calcd. for C22H20N1Br1 378.09; Found 378.11 [100%], 380.09 [97%]. 

Synthesis of 2-(4-{2-[4-(3-methyl-pyridin-4-yl)-3,5-dimethyl-phenyl]-vinyl}-phenyl)- 

malononitrile  (5). An oven-dried flask was charged with NaH (247 mg, 10.3 mmol) and 4 mL 

degassed DME. Malononitrile (343 mg, 5.2 mmol) in degassed DME (4 mL) was added drop-wise 

at 0 °C, and the resulting white suspension was stirred for 1 h at room temperature under N2. 

Compound 4 (650 mg, 1.7 mmol) in degassed DME (4 mL) was added via syringe at room 

temperature, followed by Pd(PPh3)4 (198 mg, 0.17 mmol). The flask was fit with a condenser and 

heated to 85 °C overnight. The reaction mixture was quenched into 50 mL water and neutralized 

with 5 % HCl to pH = 7, causing the solution to turn orange with some visible precipitate. The 

aqueous solution was extracted with DCM, and the organic phase was washed with brine, dried 

over Na2SO4, filtered and concentrated under reduced pressure. Silica gel column chromatography 

using 10−100 % ethyl acetate in hexanes affords 500 mg of the title compound as a light yellow-

brown powder (81 % yield). 1H NMR (500 MHz, CDCl3): d 8.57 (s, 1H), 8.52 (d, J = 6.5 Hz, 1H), 

7.63 (d, J = 10.5, 2H), 7.49 (d, J = 10.5, 2H), 7.30 (s, 2H), 7.13 (s, 2H), 7.09 (d, J = 6.5, 1H), 1.99 

(s, 3H), 1.96 (s, 6H). 13C {H} NMR (500 MHz, CDCl3): d 151.1, 147.7, 139.7, 135.9, 135.5, 131.5, 

130.8, 127.8, 127.6, 126.75, 126.0, 124.7, 123.7, 27.9, 20.2, 16.2. MS (ESI) m/z: [M+H]+ Calcd. 

for C25H21N3 364.18; Found 364.19; [M−H]− Calcd. for C25H21N3 362.16; Found 362.13. Anal. 

Calcd. For C25H21N3�0.6 H2O: C, 80.23; H, 5.98; N, 11.23. Found: C, 79.92; H, 5.56; N, 11.05.  



 

 

164 

 

Synthesis of 2-[4-(2-{4-[3-methyl-1-(2-propyl-heptyl)-1H-pyridin-4-ylidene]-3,5-dimethyl- 

cyclohexa-2,5-dienylidene}-ethylidene)-cyclohexa-2,5-dienylidene]-malononitrile (TMC-3-

EH) (6). An oven dried flask was charged with 5 (200 mg, 0.55 mmol) and 15 mL dry DCM under 

N2. Freshly prepared 2-ethyl-1-hexyl triflate (170 mg, 0.65 mmol) was added slowly to this 

solution, which was then stirred at room temperature for 2 h. The solvent was then removed in 

vacuo, and the resulting yellow precipitate was washed with hexanes. The solid was then re-

dissolved in 15 mL DCM to which NaOMe in MeOH (0.5 M, 1.5 mL) was added drop-wise, 

causing the color to change from orange to deep red. The solution was stirred for 10 minutes, then 

the solvent was removed under reduced pressure to yield a dark red gel, to which 20 mL DCM and 

20 mL H2O were added. The organic phase was dried over Na2SO4, and the solvent was removed 

under reduced pressure to yield a red liquid. The pure product was obtained by silica gel column 

chromatography using THF, then a gradient of 5−9% MeOH in DCM as eluents. The resulting red 

flaky solid was suspended in DCM, and the product precipitates as a bright orange powder, which 

is isolated by filtration and washed with cold DCM to afford 162 mg of the title compound as an 

orange powder (62% yield). 1H NMR (500 MHz, d6-DMSO): d 9.17 (s, 1H), 9.01 (d, J = 7.5 Hz, 

1H), 7.98 (d, J = 8 Hz, 1H), 7.38 (s, 2H), 7.29 (d, J = 10.5, 2H), 7.13 (d, J = 20 Hz, 1H), 6.91 (d, J 

= 20 Hz, 1H), 6.73 (d, J = 10.5, 2H), 4.50 (m, 2H), 2.13 (s, 3H), 2.07 (m, 1H), 1.90 (s, 6H), 1.50-

1.20 (m, 8H), 0.85 (m, 6H).  Anal. Calcd. For C33H37N3*0.2 CH2Cl2: C, 81.03; H, 7.61; N, 8.50. 

Found C, 80.94; H, 7.65; N, 8.53.  

Synthesis of 2-[4-(2-{4-[3-methyl-1-(2-octyl-decyl)-1H-pyridin-4-ylidene]-3,5-dimethyl-

cyclohexa-2,5-dienylidene}-ethylidene)-cyclohexa-2,5-dienylidene]-malononitrile (TMC-3’) 

(7). An oven dried flask was charged with 5 (285 mg, 0.78 mmol) and 15 mL dry DCM under N2 

then cooled to 0 ºC.  Freshly prepared 2-octyl-1-decyl triflate (170 mg, 0.65 mmol) was added 
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slowly to this solution, which was then stirred at room temperature for 24 h. The solvent was then 

removed in vacuo, and the resulting yellow precipitate was washed with hexanes. The solid was 

then re-dissolved in 15 mL DCM to which NaOtBu (160 mg, 1.6 mmol) in 2 mL MeOH was added 

drop-wise, causing the color to change from orange to deep red. The solution was stirred for 10 

minutes, the diluted with 20 mL DCM and washed with 50 mL H2O were added. The resulting red 

solid was recrystallized from hot IPA to yield 210 mg of the title compound as a bright orange 

powder (42% yield). 1H NMR (500 MHz, d6-DMSO): d 9.18 (s, 1H), 9.01 (d, J = 7.8 Hz, 1H), 7.98 

(d, J = 7.7 Hz, 1H), 7.39 (s, 2H), 7.28 (d, J = 10.7 Hz, 2H), 7.14 (d, J = 20.4 Hz, 1H), 6.91 (d, J = 

20.4 Hz, 1H), 6.73 (d, J = 10.5 Hz, 2H), 4.50 (d, J = 9.6 Hz, 2H), 2.14 (s, 3H), 2.07 (m, 1H), 1.90 

(s, 6H), 1.30-1.10 (m, 32H), 0.85 (t, J = 6.7, 6H). 13C {H} NMR (500 MHz, d6-DMSO): d 158.52, 

145.59, 143.20, 142.51, 139.32, 138.02, 134.41, 133.40, 130.59, 128.93, 127.48, 126.17, 125.99, 

125.61, 122.02, 118.61, 64.71, 31.76, 30.65, 29.92, 29.60, 29.57, 29.46, 29.42, 29.24, 29.17, 29.10, 

25.86, 25.84, 22.56, 20.04, 16.79, 14.42. Anal. Calcd. For C45H61N3: C, 83.93; H, 9.55; N, 6.52. 

Found C, 84.02; H, 9.38; N, 6.51.  

4-(diethyl phosphonate)benzylbromide (8). An oven-dried flask was charged with triethyl 

phosphite (5 mL, 29.2 mmol) and 4-bromobenzyl bromide (6.63 g, 26.5 mmol) under N2.  The 

flask was sealed, and heated to 85 °C overnight. The reaction mixture was distilled under reduced 

pressure (50 torr, 90 °C) to afford the 7.52 g of the title compound as a colorless viscous liquid 

(92% yield). 1H NMR (400 MHz, CDCl3): d 7.40 (d, J = 8.5 Hz, 2H), 7.14 (dd, J1 = 8.5 Hz, J2 = 

2.5 Hz, 2H), 4.00 (m, 4H), 3.05 (d, J = 21.5 Hz, 2H), 1.22 (t, J = 7.5 Hz, 6H).  
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S3.5 IR spectrum of solid TMC-3’  

 

Figure S3.3. Solid-state IR spectrum of TMC-3’. 
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