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Nonlinear optical (NLO) switchable materials are important for photonic and optoelectronic technologies.
One important issue for NLO photoswitching, the most studied physical switching approach, is how to
improve the switching contrast of second harmonic generation (SHG) in crystals, because the known
values are generally below 3 times. Thermoswitching, as another approach, has shown impressive high
SHG-switching contrasts (4— o times), but the fast decay of thermally induced states demands constant
heat sources to maintain specific SHG intensities. We have synthesized a photochromic and
thermochromic bistable acentric compound, B-[(MQ)ZnClz] (MQ" = N-methyl-4,4'-bipyridinium), which
represents the first crystalline compound with both photo- and heat-induced SHG-switching behavior
and the first example of a thermoswitchable NLO crystal that can maintain its expected second-order

NLO intensity without any heat source. The SHG-switching contrast can reach about 8 times after laser
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photoswitchable NLO crystals. This work also indicates that higher SHG-switching contrasts may be

DOI: 10.1039/c75c01228d obtained through increasing electron-transfer efficiency, variation of permanent dipole moment, and

rsc.li/chemical-science self-absorption.

Introduction

NLO effects, such as SHG, SFG, DFG, OPO and multiphoton
absorption, have found important applications in signal pro-
cessing, memory, biological imaging and other appealing
fields.* In the past few years, materials displaying switchable
NLO properties have drawn much attention.>™ On one side,
they provide an in situ, reversible, and controllable method for
regulating NLO properties. This method may be applied in the
currently emerging nanolaser field to adjust laser intensity."* On
the other side, the switchable NLO properties can behave as
readout signals for sensing, data storage, and other applica-
tions. For instance, they can be applied in non-destructive data
storage of photochromic materials, because light of long
wavelengths outside of the absorption band does not induce
photoreaction.*?
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There have been many approaches to switching the SHG
effect. Ion exchange'®'* and gas adsorption/desorption®
methods have been found to be effective for porous materials.
Compared with these chemical methods, physical methods
such as irradiation and heating are more convenient and
applicable to more material systems. As the most studied
physical approach, SHG photoswitching has been almost real-
ized in liquid or film photochromic materials with the presence
of external optical**™*/electric®**** fields or special supported
media.**?® For example, the Guerchais group reported photo-
induced SHG-switching properties of some photochromic
dithienylethene-based platinum(n) complexes in solution
measured by the EFISH technique under an electric field.?
Second-order NLO crystals do not require the above severe
conditions to switch the SHG effects owing to their intrinsic
polarities. For instance, Sliwa and coworkers found that
photochromic anil molecules in the crystalline state exhibited
SHG effects and SHG-switching properties without the induc-
tion of any external stimuli.* However, in an early research
effort, photoswitching of the SHG effects in NLO crystals was
fulfilled through large molecular isomerization reactions of
organic photochromic components.*>*” The large structural
change needs sufficient steric space and is usually prohibited in
the crystal lattice.>* We*"** and the Mercier group® previously
found through single-crystal X-ray diffraction analysis, that
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electron-transfer (ET) photochromic processes® are only
accompanied by minor structural variation, which is more
adaptable to a constrained medium. These processes result in
the rearrangement of charges and thus change the permanent
dipole moment, which is closely related to the SHG effect of
a crystal. On the basis of these aspects, we have recently
successfully synthesized the first ET photochromic crystalline
compound, [ZnBr,(CEbpy)]-3H,0 (CEbpy = N-carboxyethyl-4,4'-
bipyridinium, Scheme 1), with photoswitchable second-order
NLO properties.*® The observed SHG-switching contrast of
~3.3 times is larger than those of previously reported photo-
switchable NLO crystals (~1.1-2.5 times).**”"?° Thereafter, the
Zang group reported that ET photochromism was also rather
effective in switching the SHG efficiency of a crystalline
viologen-functionalized chiral Eu-MOF, giving a SHG-switching
contrast of ~2.5 times.*® Even so, the relative studies are just
starting out, and it is still desirable to achieve NLO crystals with
higher SHG-switching contrasts.

Compared with photoswitching, thermoswitching of SHG
effects in the crystalline state has fewer reported exam-
ples.**¥** Luo’s group®**** found that thermally induced
order-disorder phase transitions of DABCO salts (DABCO = 1,4-
diazabicyclo[2.2.2]octane), crown ether derivatives and pro-
panediol analogues resulted in SHG-switching contrasts of 12—
150 times. Mercier’s group reported that organic disulfide-
based metal halides displayed thermoswitching of SHG
signals from active to silent due to conglomerate-to-racemate
transition.**” Sliwa and coworkers revealed that intra-
molecular enol-keto tautomerism of thermochromic Schiff
bases yielded a SHG-switching contrast of 4 times.** All of these
materials exhibit impressive high SHG-switching contrasts,
however they require a constant heat source to maintain the
expected second-order NLO intensity owing to the fast decay of
the thermally induced state. Second-order NLO materials with
photochromic and thermochromic bifunctional properties may
provide not only both the photoswitching and thermoswitching
functions but also stable light/heat-induced states. In this work,
using p(+)-Camphoric acid (p-Cam) as an acentric inducer, we
synthesized a new photochromic and thermochromic bifunc-
tional compound, B-[(MQ)ZnCl;] (1; Fig. 1), with an acentric
crystal structure that differs from our previously reported cen-
trical one for a-[(MQ)ZnCl;]* (o and B denote different phases).
The MQ" ligand was selected considering the following three
things: (1) N-substituted-4,4’-bipyridinium compounds are
likely to display both ET photochromic and thermochromic
properties;**~°> (2) its reduced product MQ" in the crystalline
state could be kept in air for several weeks after removing
external stimuli;** and (3) it has a more negative difference in

7\ +
—R
N \ /N

CEbpy, R = Carboxyethyl; MQ*, R = Me

Scheme 1 The structures of MQ" and CEbpy.
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Fig. 1 Asymmetric structural unit of 1. Centroid (pyridyl, N12)-to-C26
and C16-to-centroid (pyridyl, N22) separations: d; = 3.630(5) A; d» =
3.574(5) A. H atoms are omitted for clarity.

Gibbs free energy and a larger change in permanent dipole
moment than those of the above-mentioned CEbpy ligand after
receiving one electron (AG: —5.42 eV for MQ', —2.26 eV for
CEbpy; change of permanent dipole moment: —2.62 Debye for
MQ", —0.48 Debye for CEbpy; Table S1 in the ESIt), which is
indicative of a better ability to stabilize received electrons after
photo/heat-induced ET and a higher probability to obtain
a large SHG-switching contrast. As we expected, compound 1
displayed unprecedented photo- and thermoswitchable second-
order NLO properties, and its switched second-order NLO
intensity could be stable in N, for at least one day after
removing the external light and heat sources. Note that
compound 1 also represents the first thermoswitchable NLO
crystal that can maintain the expected second-order NLO
intensity without any heat source. The SHG-switching contrast
may reach about 8 times after laser irradiation or 2 times after
thermally annealing. Notably, the former value is more than
twice that of the highest-known record (~3.3 times) for photo-
switchable NLO crystals.*® Herein, we would like to present the
synthesis, crystal structure, and optical properties of 1.

g “_‘ 60 °C,air ; R
Pty c,o,\L 3

1A 1A

1P 1T X2

18 19 20 21 2218 19 20 21 22
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Fig. 2 Photochromic and thermochromic phenomena and ESR data
of 1 (1A, as-synthesized; 1P, irradiated; 1T, thermally annealed).
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Fig. 3 (Left) Irradiated time-dependent UV-vis absorption spectra of 1

measured at room temperature in air using a 300 W Xe lamp (denoted
as Xe). Inset: UV-vis spectrum after decoloration. (Right) UV-vis
absorption spectra measured at room temperature in air for 1 with
different thermal annealing times at 60 °C in air. Inset: UV-vis spec-
trum after decoloration. Noise is labelled with the * symbol.
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Fig. 4 The time-dependent SHG intensity of 1 (particle size: 150-200
um) upon irradiation at room temperature in air by the 300 W Xe lamp
(fundamental laser beam: (a) 1064 nm, 4 mJ; (b) 1800 nm, 3.5 mJ) or
the 355 nm DPSS laser ((c); fundamental laser beam: 1064 nm, 4 mJ).
SHG switching in four-cycle photochromic processes using the Xe
lamp (d). The SHG intensities are the average of one hundred single
pulse signals.
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Fig. 5 (a) SHG intensity measured at room temperature in air for 1
(particle size: 150-200 pm; fundamental laser beam: 1064 nm, 4 mJ)
with different thermal annealing times at 60 °C in air. (b) SHG-
switching in four-cycle thermochromic processes. The SHG intensities
are the average of one hundred single pulse signals.

Results and discussion

Crystal structure

Single-crystal X-ray crystallographic analysis demonstrated that
compound 1 crystallizes in the monoclinic acentric space group

This journal is © The Royal Society of Chemistry 2017
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Cc, and that the Flack factor is —0.02(2). As shown in Fig. 1, the
asymmetric unit of 1 consists of three neutral isolated [(MQ)
ZnCl;] molecules. Each zinc atom is four-coordinated by one N
atom from the MQ" ligand and three terminal chlorine anions,
yielding a distorted tetrahedral configuration. The adjacent
[(MQ)ZnCl;] molecules containing the Zn1 and Zn2 atoms are
assembled in a head-to-tail fashion by offset m-m stacking
interactions® between the MQ" ligands to form a m-stacking
dimer, with centroid (pyridyl, N12)-to-C26 and C16-to-centroid
(pyridyl, N22) distances of ~3.629 and 3.574 A, respectively.
The [(MQ)ZnCl;] molecule with the Zn3 atom (denoted as Zn3-
moiety) is nearly parallel to the m-stacking dimer.

Photochromism and thermochromism

Upon continuous irradiation with a PLS-SXE300C 300 W xenon
lamp at room temperature in air, the as-synthesized crystalline
sample of 1 (denoted as 1A) showed a color change from pale
yellow to green (Fig. 2). The photoresponsive range was around
330-390 nm, and the most efficient wavelength was around
350 nm (Fig. S1 in the ESIf). In the ultraviolet-visible (UV-vis)
spectrum (Fig. 3 left), the green photoproduct (denoted as 1P)
displayed a new broad absorption band around A = 616 nm and
slightly enhanced absorption at 402 nm, similar to that found
for the photochromic compound o-[(MQ)ZnCl;].** The intensity
of the absorption band was almost unchanged after irradiation
for more than 60 min. We used a 532 nm laser to irradiate the
photoproduct. No obvious decoloration could be observed,
which indicates that the photoinduced decoloration of
compound 1 was prohibited. Thermogravimetry (TG) and
differential scanning calorimetry (DSC) analysis data (Fig. S2 in
the ESIt) showed that compound 1 can be stable up to 330 °C.
After annealing at 150 °C in O, for 3 h, the new UV-vis absorp-
tion band disappeared (Fig. 3 left, inset) and the initial pale
yellow color was regained.

Powder X-ray diffraction (PXRD) data (Fig. S3 in the ESI{),
and FT-IR spectra (Fig. S4 in the ESIt) verified that the crystal
structure showed no clear variation during the coloration and
decoloration processes, and thus the possibility of a photoin-
duced dissociation or rearrangement reaction can be excluded.
An electron spin resonance (ESR) study revealed that 1P
exhibited a strong symmetric signal with a g value of 2.0033 and
a linewidth of 14 Gauss (Fig. 2). The g value is close to that of
a free electron found at 2.0023, indicating the formation of
radicals.® The absorption band at around 616 nm for 1P
resembles the observed ones for MQ" radicals** and other N,N’-
disubstituted or N-monosubstituted-4,4’-bipyridinium radi-
cals.*”¢ Therefore, the illumination resulted in the reduction of
the MQ" cations and the formation of MQ" radicals. Similar to
the case found in «-[(MQ)ZnCl;],** the Cl atoms should be
electron donors.

Sample 1A also showed a color change upon direct heating.
After annealing at 60 °C in air for several minutes, its UV-vis
spectrum (Fig. 3 right) underwent a similar change to that
upon irradiation (Fig. 3 left), except that the intensity of the
616 nm band increased slowly and quickly reached the
maximum value when the heating time was about 10 min. Thus,
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Table 1 Calculated permanent dipole moment values of structural units in 1 before and after ET. Dipole moment vectors for different
components at the closed-shell singlet and open-shell triplet states are labelled in Fig. S11 in the ESI

Permanent dipole moment/Debye

m-Stacking
Asymmetric unit Zn3-moiety dimer Cell with only Zn3-moieties”
Before ET B3LYP 39.75 40.52 1.65 96.35
Mo6 39.91 41.63 1.64 99.50
After ET B3LYP 19.67 16.03 1.16 82.08
Mo6 19.70 15.78 1.15 84.32
Difference B3LYP 20.08 24.49 0.49 14.27
Mo6 20.21 25.85 0.49 15.22

¢ A cell with only Zn3 moieties was obtained by removing the Zn1 and Zn2 moieties from the cell of 1.

Table 2 Static first hyperpolarizability $(0) tensor components in
atomic units (au) for the Zn3-moiety under vacuum, calculated at the
B3LYP level with the 6-31 + G(d,p) basis set for C, H, N, and Cl and the
SDD basis set in conjunction with the SDD pseudopotential for Zn.
Orientation of the molecule is shown in Fig. S12 in the ESI

Computed values (au)

Tensor components Before After

Brocx 87 715.4 —7341.62
Brxy 11 653.8 —282.92
Bryy 22 153.3 399.19
Byyy 8986.97 —524.72
Bz —5956.78 399.57
Bryz —1430.75 66.66
Byyz —1649.61 29.06
Bxzz 2034.63 —509.99
Byzz —626.91 —773.48
Brzz 2662.88 1604.29
Total beta tensor 113 786.41 7884.88

the color change was not remarkable. Finally, a yellow-green
product (denoted as 1T) was obtained. A characteristic ESR
signal for MQ" radicals, with a g value of 2.0030 and a linewidth
of 15 Gauss, was also observed for 1T, indicating that a Cl —
MQ" electron transfer process occurred upon heating as in the
case upon irradiation. PXRD (Fig. S5 in the ESIT) and FT-IR data
(Fig. S6 in the ESIT) showed that the structure of 1 underwent no
obvious changes during the coloration-decoloration processes,
and thus the possibility of a heat-induced dissociation or rear-
rangement reaction can be also excluded. Sample 1T was
completely bleached after annealing at 150 °C in O, for about
3 h (Fig. 3 right, inset). At the same time, a UV-vis absorption
spectrum resembling that of 1A was regained, and the radical
signal disappeared in the ESR spectrum (Fig. 2).

Photo-/thermoswitching of SHG effects

SHG measurements for sieved crystalline samples, using
a fundamental laser beam (A = 1064 nm), indicated that the as-
synthesized sample 1A had a macroscopic SHG response
approximately 0.1 times that of KH,PO, (KDP) and was phase-
matchable (Fig. S7 in the ESIf). A CASTEP optical properties
calculation at the GGA/RPBE level in a unit cell showed that the

7754 | Chem. Sci, 2017, 8, 7751-7757

phase-matching direction in the crystal is mainly determined by
NNk or y) (Fig. S8 in the ESIf), where n,, n, and n, are the
fractions of the refractive index along the x, y and z direction
and the y and z directions are parallel to the crystallographic
b and c axes, respectively.

The most striking feature of 1 is that its SHG intensity is
clearly weakened after photo- and heat-induced coloration. The
SHG intensity dropped gradually upon successive irradiation
with the Xe lamp, and a maximum SHG-switching contrast of
~4 times was obtained after 60 min (Fig. 4a). The SHG-
switching contrast can be remarkably enhanced when a laser
is chosen as the light source. For instance, as shown in Fig. 4c,
the SHG-switching contrast reached about 8 times upon irra-
diation by a Newport Co. Pulseo GKNQL-355-3-30 diode pum-
ped solid state (DPSS) laser (355 nm; 70 kHz; 39 ns pulse width;
ca. 1.55 m] cm™?; spot size, ca. 1.5 cm@) for 10 min, which is
more than twice that of the reported highest value (~3.3 times)
for SHG-switchable crystals.>® Moreover, the SHG intensity of 1
became half of the original value after thermal annealing in air
at 60 °C for 10 min (Fig. 5a). The photoswitching and ther-
moswitching of SHG intensity for 1 can be cycled at least four
times (Fig. 4d and 5b). UV-vis absorption spectra show that the
charge-separation state had no change after keeping the irra-
diated sample in the dark under N, for 1 d (Fig. S9 in the ESIY),
indicating that 1 can maintain the expected second-order NLO
intensity without a light/heat source.

The decrease in the SHG intensity after photo- or heat-
induced coloration may result from two factors. On one side,
as stated in the Introduction, the ET process of 1 causes
a remarkable change in permanent dipole moment, which is
closely related to its SHG effect. As shown in Table 1, the
difference between the calculated permanent dipole moment
values before and after ET (spin multiplicity S: before, 1; after, 3)
is 20.08 (B3LYP) or 20.21 (M06) Debye for the asymmetric
structural unit shown in Fig. 1. This value is close to that of the
Zn3-moiety and significantly larger than that of the -stacking
dimer, which indicates that the Zn3-moiety contributes mostly
to the change in permanent dipole moment for the asymmetric
unit. Therefore, the direction of the whole permanent dipole
moment for the cell of 1 is basically dependent on the
arrangement of the Zn3-moieties. As calculated, the permanent

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc01228d

Open Access Article. Published on 20 September 2017. Downloaded on 6/19/2026 7:17:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

dipole moment for a cell built exclusively by the Zn3-moieties
changed from 96.35 (B3LYP)/99.5 (M06) to 82.08 (B3LYP)/
84.32 (M06) Debye after ET. A TD-DFT calculation at the
B3LYP level showed that the transition dipole moment, oscil-
lator strength, and absorption intensity for the Zn3 moiety
became small after electron transfer and coloration when the
excitation wavelength was close to 1064 nm (Table S2 and
Fig. S10 in the ESIT). Moreover, the static (A = % nm; Table 2
and Table S3 in the ESIT) and dynamic (A = 1800 nm; Tables S4
and S5 in the ESIT)* first hyperpolarizability 8(—2w; w, w) for
the initial state, calculated based on the Zn3-moiety, were larger
than those for the colored state. In summary, the permanent
dipole moment, oscillator strength, and B(—2w; w, w) all
become small, in accordance with the observed decrease in SHG
intensity. The ESR signal of the photogenerated radical product
of 1is clearly stronger than that of the heat-induced one (Fig. 2).
This result indicates that the ET efficiency in the photochromic
process is higher than that in the thermochromic process, and
the decrease in polarity triggered by light is much larger than
that by heat for the crystalline sample of 1.

On the other side, the self-absorption effect cannot be
ignored. Here, we take the photoswitching of SHG as an
example. The SHG-switching contrast after irradiation by the Xe
lamp for 60 min was 3 times when the wavelength of the
fundamental laser beam was 1800 nm (Fig. 4b). The minor
change in absorbance at 900 nm (Fig. 3 left) indicates that the
dropping of the SHG intensity was basically contributed by the
ET process and the decrease in permanent dipole moment. On
the other hand, the SHG-switching contrast after irradiation by
the Xe lamp for 60 min reached ~4 times when the wavelength
of the fundamental laser beam was 1064 nm (Fig. 4a). In this
case, the change of absorbance at 532 nm was clearly enhanced
(Fig. 3 left). Constant irradiation of the irradiated sample for
one hour by the 1064 nm laser with an energy of 4 mJ did not
show any damage to the NLO crystal (Fig. S13 in the ESIt). That
is to say, the increase in self-absorption after coloration facili-
tates the enhancement of the SHG-switching contrast.

Conclusions

We have synthesized, through an acentric induced strategy,
a new second-order NLO compound showing electron-transfer
photochromism and thermochromism in the crystalline state.

It represents the first crystalline compound with both photo-
and heat-induced SHG-switching behavior and the first example
of a thermoswitchable NLO crystal that can maintain its ex-
pected second-order NLO intensity without any heat source.
Remarkable decreases in its SHG intensity were observed after
photo- or heat-induced coloration. The observed SHG-switching
contrast of about 8 times is the highest record for photo-
switchable NLO crystals. The decrease in the SHG intensity is
contributed by the decrease in the molecular permanent dipole
moment, caused by the light/heat-triggered electron-transfer
process, and the enhancement of self-absorption. This finding
will inspire the design and synthesis of new second-order NLO
crystals with higher SHG-switching contrasts through

This journal is © The Royal Society of Chemistry 2017
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increasing electron-transfer efficiency, variation of molecular
permanent dipole moment, and self-absorption.

Experimental
Materials and methods

MQCI was synthesized completely according to a reported
procedure.®® Other chemicals of A.R. grade were obtained from
commercial sources and used without further purification. A
xenon lamp system equipped (~112 mW cm™ %) with an IR filter
was used to prepare colored samples for UV-vis absorption,
PXRD, ESR, and FT-IR. The Xe lamp and the 355 nm DPSS laser
were used for SHG studies. UV-vis spectra were measured in the
diffuse reflectance mode using a Perkin-Elmer Lambda 900 UV-
vis spectrophotometer equipped with an integrating sphere
attachment and BaSO, as a reference. PXRD patterns were
collected on a Rigaku DMAX-2500 diffractometer at 40 kv, 100
mA for Cu K, radiation at room temperature (A = 1.5406 A;
20max = 50°). ESR signals were recorded in the X band at room
temperature on a Bruker A300 spectrometer. FT-IR spectra were
recorded on a VERTEX 70/70v FT-IR spectrometer over the range
of 4000-400 cm™". The photoresponsive range was measured
using a 450 W Xe lamp from a single-grating Edinburgh EI920
fluorescence spectrometer. Powder SHG measurements were
performed on a modified Kurtz-Perry powder system® using
1064 and 1800 nm fundamental laser beams (pulse width, 10
ns; frequency, 10 Hz). The sample, with a thickness of about
0.2 mm for SHG measurement, was placed in a mould. The SHG
signal was collected and focused into a fibre optic bundle, and
then coupled to the entrance slit of a spectrometer and detected
using a CCD detector. A powdered KDP sample was used as
a reference to assume the second-order NLO effect. Both crys-
talline samples of KDP and compound 1 were ground and
sieved into different particle size ranges (30-50, 50-75, 75-100,
100-150, 150-200, and 200-250 pm) for phase-matching
measurements according to the literature method.*® TG and
DSC analyses were done on a NETZSCH STA 449C simultaneous
thermal analyzer with Al,O; crucibles under N, at a heating rate
of 10 °C min~". Elemental analyses of C, H, and N were deter-
mined using a Vario EL III CHN elemental analyzer.

Single-crystal X-ray crystallography

Single-crystal X-ray diffraction data were measured at 293(2) K
on a Rigaku Pilatus CCD diffractometer, using graphite mono-
chromated Mo K, radiation (1 = 0.71073 A). Intensity data sets
were collected using a w-scan technique and corrected for Lp
effects. The structure was solved by a direct method and refined
by full-matrix least squares on F* using the Siemens SHELXTL™
Version 5 package of crystallographic software,*® with aniso-
tropic thermal parameters for all non-hydrogen atoms.
Hydrogen atoms were added geometrically and refined using
the riding model. The structure was finally verified using the
ADDSYM algorithm from the program PLATON.** Crystallo-
graphic data and structural refinements for 1 are summarized
in Table S6 in the ESI.T The main bond lengths and angles for 1
are shown in Table S7 in the ESL{ More details on the
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crystallographic studies as well as atomic displacement
parameters are given as cif in the ESL

The CCDC-1519422 entry contains the supplementary crys-
tallographic data for 1.t

Synthesis of B-[(MQ)ZnCL;] (1)

A mixture of D-Cam (80 mg, 0.4 mmol), Na,CO; (42 mg, 0.4
mmol) and H,0 (6 mL) was added into a 23 mL Teflon-lined
autoclave and stirred for 15 min. After this, ZnSO,-7H,0
(144 mg, 0.5 mmol; excess) and MQCI (99 mg, 0.5 mmol) were
added into the mixed solution. The vessel was then sealed and
heated at 120 °C for 2 d. After cooling to room temperature
naturally, the mixed solution was filtered. Pale yellow prismatic
crystals of 1 were obtained by slowly evaporating the filtrate for
several days, washing with water several times and drying in air.
Yield: 60% (based on MQCI). Anal. caled (%) for C;;H;;ZnN,Cl;:
C, 38.49; H, 3.21; N, 8.16. Found: C, 38.69; H, 3.33; N, 8.20.

Without the presence of D-Cam, compound 1 can also be
obtained through directly evaporating the filtrate of a mixture of
ZnSO,-7H,0, MQCI and H,0 with the same molar ratio, but
there are only several crystals produced and most of the prod-
ucts are in the centrical phase o-[(MQ)ZnCl;].** This means that
D-cam is an effective acentric inducer for the synthesis of 1. The
experimental PXRD pattern at room temperature for 1 matched
well with the simulated one from the X-ray single-crystal
structure data (Fig. S3 in the ESIf). This result and the
elemental analysis data of C, H and N demonstrated the phase
purity of the obtained crystalline product of 1.

Computational details

The refractive indices of 1 were calculated at the GGA/RPBE level
using the CASTEP module implemented in the Material Studio
software®” in a unit cell built directly from its single-crystal X-ray
diffraction data. Other calculations were performed using the
Gaussian 09 software.*® The 6-31 + G(d,p) basis set was used for
C, H, N, and Cl, and the SDD basis set in conjunction with the
SDD pseudopotential were used for Zn when running the
Gaussian calculations. To obtain the values of the permanent
dipole moment and AG, the ground state geometries in the gas
phases of MQ" and CEbpy as well as their one-electron reduced
species were optimized before frequency calculations with the
B3LYP approach. The colored state of 1 after photo/heat-
induced electron transfer is a stable ground state instead of
an excited state. The product is a charge-separated state which
belongs to either a triplet state (S = 3) or an open-shell singlet
state (S = 1). The open-shell singlet state does not exist because
no spin density can be found (Table S8 in the ESIT). So, S of the
initial and final states for 1 were set to 1 and 3, respectively.
Optimized structures for the singlet and triplet states of the
Zn3-moiety, with the B3LYP, M06, and HF approaches, had
large structural distortion compared with the geometry in the
crystal (Fig. S14 in the ESIt). However, the closely packed crystal
structure did not allow a large structural distortion. In addition,
it has been reported that only a minor structural change
happens after coloration for viologen-based photochromic
compounds.*** So, the geometry of each component in the
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crystal structure of 1 was used directly for calculations of the
permanent dipole moments and first hyperpolarizabilities
before and after electron transfer. The B3LYP and MO06
approaches were used for the calculations of the permanent
dipole moments and first hyperpolarizabilities because of the
similarity between the experimental and calculated electron
absorption data (Fig. S15 in the ESI¥).

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We gratefully acknowledge Prof. Dr Wen-Xiong Lin and Dr Jian-
Hong Huang for the laser measurements, and the financial
support by the NSF of China (21373225, 21221001, 21471149),
the NSF of Fujian Province (2014J07003), the Key scientific
research project of CAS (QYZDB-SSW-SLH020, QYZDJ-SSW-
SLH028) and the Youth Innovation Promotion Association CAS.

Notes and references

1 F. Zernicke and ]. E. Midwinter, Applied Nonlinear Optics,
Wiley, New York, 1973.

2 J. A. Delaire and K. Nakatani, Chem. Rev., 2000, 100, 1817.

3 M. Sliwa, S. Létard, I. Malfant, M. Nierlich, P. G. Lacroix,
T. Asahi, H. Masuhara, P. Yu and K. Nakatani, Chem.
Mater., 2005, 17, 4727.

4 W. Bi, N. Louvain, N. Mercier, J. Luc, I. Rau, F. Kajzar and
B. Sahraoui, Adv. Mater., 2008, 20, 1013.

5 K. A. Green, M. P. Cifuentes, M. Samoc and M. G. Humphrey,
Chem. Rev., 2011, 255, 2530.

6 A. Priimagi, K. Ogawa, M. Virkki, J. Mamiya, M. Kauranen
and A. Shishido, Adv. Mater., 2012, 24, 6410.

7 F. Castet, V. Rodriguez, J.-L. Pozzo, L. Ducasse, A. Plaquet
and B. Champagne, Acc. Chem. Res., 2013, 46, 2656.

8 J. Boixel, V. Guerchais, H. L. Bozec, D. Jacquemin, A. Amar,
A. Boucekkine, A. Colombo, C. Dragonetti, D. Marinotto,
D. Roberto, S. Righetto and R. D. Angelis, J. Am. Chem.
Soc., 2014, 136, 5367.

9 Z. Sun, T. Chen, C. Ji, S. Zhang, S. Zhao, M. Hong and J. Luo,
Chem. Mater., 2015, 27, 4493.

10 P. Beaujean, F. Bondu, A. Plaquet, ]J. Garcia-Amoros,
J. Cusido, F. M. Raymo, F. Castet, V. Rodriguez and
B. Champagne, J. Am. Chem. Soc., 2016, 138, 5052.

11 P. J. Pauzauskie, D. J. Sirbuly and P. Yang, Phys. Rev. Lett.,
2006, 96, 143903.

12 Y. Yokoyama, Chem. Rev., 2000, 100, 1717.

13 Y. Liu, G. Li, X. Li and Y. Cui, Angew. Chem., Int. Ed., 2007, 46,
6301.

14 J. Yu, Y. Cui, C. Wy, Y. Yang, Z. Wang, M. O’Keeffe, B. Chen
and G. Qian, Angew. Chem., Int. Ed., 2012, 51, 10542.

15 P. Serra-Crespo, M. A. van der Veen, E. Gobechiya,
K. Houthoofd, Y. Filinchuk, C. E. A. Kirschhock,
J. A. Martens, B. F. Sels, D. E. De Vos, F. Kapteijn and
J. Gascon, J. Am. Chem. Soc., 2012, 134, 8314.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc01228d

Open Access Article. Published on 20 September 2017. Downloaded on 6/19/2026 7:17:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

16 S. Houbrechts, K. Clays, A. Persoons, Z. Pikramenou and
J.-M. Lehn, Chem. Phys. Lett., 1996, 258, 485.

17 A. Plaquet, M. Guillaume, B. Champagne, L. Rougier,
F. Mancois, V. Rodriguez, J.-L. Pozzo, L. Ducasse and
F. Castet, J. Phys. Chem. C, 2008, 112, 5638.

18 F. Mancois, J.-L. Pozzo, ]J. Pan, F. Adamietz, V. Rodriguez,
L. Ducasse, F. Castet, A. Plaquet and B. Champagne,
Chem.-Eur. J., 2009, 15, 2560.

19 H. Nitadori, L. Ordronneau, ]J. Boixel, D. Jacquemin,
A. Boucekkine, A. Singh, M. Akita, I. Ledoux, V. Guerchais
and H. L. Bozec, Chem. Commun., 2012, 48, 10395.

20 S. L. Gilat, S. H. Kawai and J.-M. Lehn, Chem.-Eur. J., 1995, 1,
275.

21 V. Aubert, V. Guerchais, E. Ishow, K. Hoang-Thi, I. Ledoux,
K. Nakatani and H. L. Bozec, Angew. Chem., Int. Ed., 2008,
47, 577.

22 L. Ordronneau, H. Nitadori, I. Ledoux, A. Singh,
J. A. G. Williams, M. Akita, V. Guerchais and H. L. Bozec,
Inorg. Chem., 2012, 51, 5627.

23 K.]J. Chen, A. D. Laurent and D. Jacquemin, J. Phys. Chem. C,
2014, 118, 4334.

24 Q. Song, C. Wanm and C. K. Johnson, J. Phys. Chem., 1994,
98, 1999.

25 M. Schulze, M. Utecht, A. Hebert, K. Riick-Braun,
P. Saalfrank and P. Tegeder, J. Phys. Chem. Lett., 2015, 6, 505.

26 M. Schulze, M. Utecht, T. Moldt, D. Przyrembel, C. Gahl,
M. Weinelt, P. Saalfrank and P. Tegeder, Phys. Chem.
Chem. Phys., 2015, 17, 18079.

27 G. R. Meredith, V. Krongauz and D. J. Williams, Chem. Phys.
Lett., 1982, 87, 289.

28 K. Nakatani and J. A. Delaire, Chem. Mater., 1997, 9, 2682.

29 F. Poineau, K. Nakatani and J. A. Delaire, Mol. Cryst. Liq.
Cryst., 2000, 344, 89.

30 K. Amimoto and T. Kawato, J. Photochem. Photobiol., C, 2005,
6, 207.

31 G. Xu, G.-C. Guo, M.-S. Wang, Z.-J. Zhang, W.-T. Chen and
J.-S. Huang, Angew. Chem., Int. Ed., 2007, 46, 3249.

32 M.-S. Wang, G.-C. Guo, J.-P. Zou, W.-W. Zhou, Z.-J. Zhang,
G. Xu and J.-S. Huang, Angew. Chem., Int. Ed., 2008, 47, 3565.

33 N. Leblanc, N. Mercier, O. Toma, A. H. Kassiba, L. Zorina,
P. Auban-Senzier and C. Pasquier, Chem. Commun., 2013,
49, 10272.

34 H. Bouas-Laurent and D. Heinz, Pure Appl. Chem., 2001, 3,
639.

35 P.-X. Li, M.-S. Wang, M.]J. Zhang, C.-S. Lin, L.-Z. Cali,
S.-P. Guo and G.-C. Guo, Angew. Chem., Int. Ed., 2014, 53,
11529.

36 H.-Y. Li, H. Xu, S.-Q. Zang and T. C. W. Mak, Chem.
Commun., 2016, 52, 525.

37 N. Mercier, A.-L. Barres, M. Giffard, I. Rau, F. Kajzar and
B. Sahraoui, Angew. Chem., Int. Ed., 2006, 45, 2100.

38 Z. Sun, J. Luo, S. Zhang, C. Ji, L. Zhou, S. Li, F. Deng and
M. Hong, Adv. Mater., 2013, 25, 4159.

39 Z.Sun, S. Li, S. Zhang, F. Deng, M. Hong and J. Luo, Adv. Opt.
Mater., 2014, 2, 1199.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chemical Science

40 C.Ji, Z. Sun, S. Zhang, S. Zhao, T. Chen, Y. Tang and J. Luo,
Chem. Commun., 2015, 51, 2298.

41 Z. Sun, T. Chen, X. Liu, M. Hong and J. Luo, J. Am. Chem.
Soc., 2015, 137, 15660.

42 T. Chen, Z. Sun, S. Zhao, C. Ji and J. Luo, J. Mater. Chem. C,
2016, 4, 266.

43 C.Ji, S. Wang, S. Liu, Z. Sun, J. Zhang, L. Li and J. Luo, Chem.
Mater., 2017, 29, 3251.

44 M. Sliwa, A. Spangenberg, I. Malfant, P. G. Lacroix,
R. Métivier, R. B. Pansu and K. Nakatani, Chem. Mater.,
2008, 20, 4062.

45 X.-Y. Lv, M.-S. Wang, C. Yang, G.-E. Wang, S.-H. Wang,
R.-G. Lin and G.-C. Guo, Inorg. Chem., 2012, 51, 4015.

46 Y.-N. Gong and T.-B. Lu, Chem. Commun., 2013, 49, 7711.

47 H. Chen, G. Zheng, M. Li, Y. Wang, Y. Song, C. Han, J. Dai
and Z. Fu, Chem. Commun., 2014, 50, 13544.

48 P.-X. Li, M.-S. Wang, L.-Z. Cai, G.-E. Wang and G.-C. Guo, J.
Mater. Chem. C, 2015, 3, 253.

49 J. Wu, C. Tao, Y. Li, J. Li and J. Yu, Chem. Sci., 2015, 6, 2922.

50 F. Wan, L.-X. Qiu, L.-L. Zhou, Y.-Q. Sun and Y. You, Dalton
Trans., 2015, 44, 18320.

51 O. Toma, N. Mercier, M. Allain, A. A. Kassiba, J.-P. Bellat,
G. Weber and 1. Bezverkhyy, Inorg. Chem., 2015, 54, 8923.

52 C. Zhang, L. Sun, C. Zhang, S. Wan, Z. Liang and ]. Li, Inorg.
Chem. Front., 2016, 3, 814.

53 C. Janiak, J. Chem. Soc., Dalton Trans., 2000, 21, 3885.

54 M. Abe, Chem. Rev., 2013, 113, 7011.

55 K. B. Yoon and J. K. Kochi, J. Am. Chem. Soc., 1988, 110, 6586.

56 Applied Photochromic Polymer Systems, ed. C. B. McArdle,
Blackie, Glasgow, London, 1992.

57 B(—2w; w, w) is calculated assuming that SHG is a two-
photon process. It has an abrupt increase when the energy
of the incident photon is close to half of that of the band
gap Eg/2. So, it is unreasonable to make a comparison
using the calculated §(—2w; w, w) in this case. The E, of
compound 1 is ca. 2.54 eV (Fig. S16 in the ESIf). The
energy of 1064 nm light (ca. 1.17 eV) is close to half of that
of the observed E,. Therefore, the comparison of the
calculated B(—2w; w, w) between the singlet and triplet
ground state of the Zn3-moiety was only done at A =
1800 nm (0.69 €V, apart from Eg/2) or A = % nm.

58 C. Yang, M.-S. Wang, L.-Z. Cai, X.-M. Jiang, M.-F. Wu,
G.-C. Guo and J.-S. Huang, Inorg. Chem. Commun., 2010,
13, 1021.

59 S. K. Kurtz and T. T. Perry, J. Appl. Phys., 1986, 39, 3798.

60 G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem., 2015,
71, 3.

61 A. L. Spek, J. Appl. Crystallogr., 2003, 36, 7.

62 S. J. Clark, M. D. Segall, C. J. Pickard, P. ]J. Hasnip,
M. 1. J. Probert, K. Refson and M. C. Payne, Z. Kristallogr. -
Cryst. Mater., 2005, 220, 567.

63 M. ]. Frisch, et al., Gaussian 09, Revision D.01, Gaussian, Inc.,
Wallingford CT, 2013.

Chem. Sci., 2017, 8, 7751-7757 | 7757


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc01228d

	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...

	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...

	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...
	Second-order nonlinear optical switching with a record-high contrast for a photochromic and thermochromic bistable crystalElectronic supplementary...


