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reversible phase transition (T, = 356 K) from the noncentrosymmetric order \ disorder
room-temperature phase (PZZlc, RTP) to a centrosymmetric high-
temperature phase (I4/mmm, HTP) where both the SO,>~ anions and NL
[Ag(NH,),]* cations are highly disordered. The weakening of hydrogen
bond interactions in the HTP is also evidenced by the lower energy shift
of the stretching vibration of the N—H---O bonds revealed by the in situ
FT-IR spectra. Such weakening leads to an unusual negative thermal
expansion along the ¢ axis (—3%). In addition, both the atomic displacement parameters of the single-crystal diffraction data and the
molecular dynamics-simulated mean squared displacements suggest the motions of the O and N atoms. Such a structural disorder
not only hinders the phonon propagation and dramatically drops the thermal conductivity to 0.22 W m™ K" at 361 K but also
significantly weakens the optical anisotropy and SHG as verified by the DFT theoretical studies.

Herein, we report a near-room-temperature nonlinear
optical (NLO) switch material, [Ag(NH;),],S0,, exhibiting switching
performance with strong room-temperature second harmonic generation
(SHG) intensity that outperforms the UV—vis spectral region industry RTP
standard KH,PO, (1.4 times stronger). [Ag(NH;),],SO, undergoes a ~ SHG=-ON

ITCH

s

nonlinear optical switch, disorder, hydrogen bond, phase transition, sulfate

benefiting from the continuously tunable T, which is
adjustable by controlling the number of hydrogen bonds
within the crystal structure.'® Since the hydrogen bonding
interaction is much weaker than ionic or covalent bonding
interactions, the phase transition associated with the hydrogen
bond interaction shall have a relatively small energy barrier.
The most familiar phase transition is between the liquid H,O
and the ice. Another example is an industry standard material,
KH,PO, (KDP), which undergoes a phase transition driven by
the hydrogen disordering above T, = 123 K.'"”*° However, the
inorganic groups are generally rigid and are less easily modified
and less flexible than the organic species, and the inorganic
NLO switch and its phase transition mechanism are relatively
rare and challenging.

Herein, we discover a novel inorganic NLO switch material,
[Ag(NHj;),],S0,, that exhibits an excellent NLO switching
performance near room temperature (T, = 356 K). The in situ
variable-temperature single-crystal X-ray diffraction data
confirm that the order-to-disorder phase transition at 356 K

Inorganic solid-state nonlinear optical (NLO) materials, as the
key material of the all-solid-state laser devices, have been
extensively studied and are widely applied in many fields, such
as information processing, precision manufacturing, and
telecommunications.' > Among them, the second-order non-
linear optical materials showing the second harmonic
generation (SHG) have greatly broadened the application
range of nonlinear optics." The NLO switch materials are
potentially useful in applications such as sensors, information
storage, and switching devices.”® The switching between the
SHG-on and SHG-off states under the external stimuli such as
heat, light, pressure, etc., is associated with a reversible phase
transition from a noncentrosymmetric (NCS, SHG-on state)
to centrosymmetric (CS, SHG-off) structure.””” However,
such a phase transition is relatively rare, most of which is
trigged by the structure conformation or orientation changes
stimulated by the external stimuli,*~'" and some are related to
the disorder or rearrangement of atoms/groups in the

structure.®”'® The latter are found in some organic salts,

such as (Hdabco)(CF3COO),14 host—guest inclusion com- June 16, 2022
pounds, e.g., (dipropylamine)(18-crown-6)ClO,," and organ- July 20, 2022
ic—inorganic hybrids, such as (Me;NNH,),Cdl,'® and July 27, 2022

(C4H,NO)MnCl,."” Previously, we report an inorganic August 12, 2022

NLO switch material, K ,(NH,),_,PO;F (x = 0—0.3), showing
the widest switching temperature range from 150 to 270 K
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Figure 1. (a) DSC and TG curves of and (b) variable-temperature powder X-ray diffraction data of [Ag(NHj,),],SO,. (c) Enlarged view of panel

(b) in the 26 range of 13—23°.

is reversible. Such a phase transition is associated with the
weakening of the hydrogen bonds as evidenced by the
stretching vibration energy change of the N—H--O bonds
observed by the in situ FT-IR spectra. The disorders of the O
and N atoms are revealed by both the atomic displacement
parameters and the mean squared displacements by the
molecular dynamics simulation. Such disorders hinder the
phonon propagation and eventually decrease the thermal
conductivity; meanwhile, such disorders weaken significantly
the optical anisotropy and SHG according to the density
functional theory (DFT) studies. These findings will further
aid in the understanding of the mechanism of order—disorder
phase transition and provide some insights into the future
rational design of functional materials that are correlated with
the phase transition, such as NLO switch, piezoelectric, and
ferroelectric materials.

The crystallographic structure of RTP [Ag(NH,),],SO, was first
determined in 1992 by Jacobs and Zachwieja,”' and the room-
temperature NLO property was first reported in 2021 by our group.”
Herein, the syntheses followed the previous method, the 300 K single-
crystal diffraction data agreed well with refs 7 and 21 (Tables S1—S3),
and the in situ data collected at 313, 323, 333, 343, and 348 K were
also determined to be RTP (Table S4) and those collected at 358 and
368 K were HTP (Tables S1—S5). All these new sets of single-crystal
diffraction data are deposited in CCDC, with deposited numbers
listed in Tables S1 and S4. In addition, by slow evaporation of
saturated aqueous ammonia solution of Ag,SO, at room temperature,
large-sized single crystals of RTP [Ag(NH,),],S0, with centimeter
sizes (2.1 X 1.2 X 0.2 cm3) were grown.

The single-crystal X-ray diffraction data were collected on a Bruker
PHOTON II CPAD detector with a mirror-monochromatic
INCOATEC IuS microfocus radiation source (50 kV per 1.4 mA).
In addition, the temperature varied from room temperature to 366 K
controlled by a CyroConnector with a liquid nitrogen mode. Data
integration, cell refinement, and absorption corrections were carried
out with the aid of SAINT. The crystal structures were solved by a
direct method and refined through the full-matrix least-squares fitting
on F* with the SHELX-2014 software package, the final refined
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solutions obtained were tested by the ADDSYM algorithm from
PLATON, and no higher symmetries were found (Tables S1—SS).
The powder X-ray diffraction data were collected using a Bruker
Model D8 Advance powder diffractometer (Cu K,, radiation with 1 =
1.5418 A, 40 kV, and 40 mA) in the 20 range of 10—70° with a scan
step of 0.02°.

The in situ FT-IR spectra were measured on a Bruker Vertex 70v
spectrophotometer in the region of 4000—800 cm™ in an ammonia
atmosphere. The sample was condensed with the annealed KBr into a
pellet.

The differential scanning calorimetric (DSC) and thermal gravimetric
(TG) data were collected by a NETZSCH STA 449 ES thermal
analyzer under a N, atmosphere. The sample was packed in AL, O,
crucibles and heated from 303 to 363 K at a rate of 1.0 K/min.

Heat capacity (C,) was measured by a TA Q2000 differential
scanning calorimeter using sapphire as a reference material. The as-
synthesized colorless polycrystalline sample was condensed by spark
plasma sintering (SPS-211LX, Fuji Electronic Industrial Co., Ltd.) at
323 K for 30 min under a pressure of SO MPa into a pellet of 1.03 mm
in thickness and 10.00 mm in diameter. The density of the pellet was
measured by Archimedes’ method to be 2.608 g/ cm?® (94% of the
theoretical density). Following the standard thermal diffusivity (4)
measurement procedure, a graphite coating was sprayed on the upper
and bottom surfaces of the pellet, giving it a black appearance. The 4
was measured on a NETZSCH LFA-457 instrument under a nitrogen
atmosphere in the temperature range of 303—363 K.

Variable-temperature SHG was measured using the standard Kurtz—
Perry method. Polycrystalline samples with particle sizes of 150—212
pum were used to measure the SHG intensity at an incident 1064 nm
wavelength under ambient conditions by a pump Nd:YAG laser with
an energy of 2 mJ and a frequency of 2 Hz controlled by the
RADIANT Tunable Laser System (OPOTEK, Inc.), and the
measured temperature varied from 300 to 363 K controlled by an
autothermostat (CXH902, Shanghai Changxin, Inc.).

The classical MD simulations were performed using VASP with a
Nose—Hoover thermostat’™>* in a constant-volume and constant-
temperature ensemble (NVT). For the RTP, the temperature was
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Figure 2. Crystal structures of (a) the RTP and (b) HTP (the hydrogen atoms are not drawn for clarity). Building units of the SO,*~

anion and

[Ag(NHj;),]* cation in the HTP (right) and RTP (left, with the major hydrogen bonds marked; y: dipole moment). Single-layered structures of (c)
the RTP and (d) HTP. (e) Spatial symmetry elements of (el) the RTP and (e4) HTP and equatorial plane projections of (e2) 42m (D,4) and (e3)

4/mmm (D).

controlled at 298 K or 313—353 K with a 10 K step, 368 atoms were
considered (i.e., within a 2 X 2 X 2 supercell), and a time step of 1 fs
and 5000 total steps were utilized. Atomic mean square displacement
and dynamic trajectory analysis were finished by the VMD program.
To better understand the property difference between the HTP and
the RTP, considering the complexity of disorder in the HTP, we
regarded one of the frames in the MD equilibrium of an RTP 1 X 1 X
2 supercell as the approximate structure of HTP, in which the
orientation of each SO,*~ anion is as opposite as possible and that of
[Ag(NH,),]* is as random as possible to mimic the real situation in
the HTP (Figure S1). Subsequently, with such an approximation
containing 92 atoms in total, the relevant properties of HTP*P™* are

2061

calculated based on DFT by using the pseudopotential method in the
VASP package.zs‘26 Generalized gradient approximation (GGA)*” was
chosen as the exchange correlation functional, and a plane-wave basis
with projector augmented wave (PAW)>® potentials was used. A
kinetic energy cutoff of 500 eV was chosen with Monkhorst—Pack k-
point meshes spanning less than 0.05/A% in the Brillouin zone. The
static self-consistency, the density of state, and the energy band with a
dense 0.02/A> k-point spacing mesh were calculated. According to the
*939 the real part of the dielectric
function &,(w), refractive indices (n), and birefringence (An) were

Kramers—Kronig transformation,

calculated based on the so-called length-gauge formalism derived by
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Figure 3. (a) Unit cell parameters of [Ag(NHs;),],SO,, vary with temperature. (b) Atomic displacement parameters (ADPs) in the temperature
range of 300—366 K. (c) Heat capacity (Cp) measured by DSC and (d) thermal diffusivity (1) measured by the laser flash method. Inset: photo of
the condensed polycrystalline sample with a graphite coating on the upper and bottom surfaces. (e) Temperature dependence of thermal
conductivity (k) calculated by k = C, X d X 4, where d is the density. The data near the RTP-to-HTP phase transition in panels (d) and (e) are not
considered. (f) MSDs of individual atoms over the total time span calculated for six different temperatures from 298 to 353 K.

Aversa and Sipe,’"* utilizing the specific calculation method of
Zhang et al,;** the SHG coefficients were also calculated.

The simultaneous differential scanning calorimetry (DSC)
thermal analyses were performed to characterize the phase
transition of compound [Ag(NH;),],SO, (Figure la). As
shown, a first-order phase transition at 356 K without any
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weight loss is observed in the heating run, which is
accompanied by an exothermic peak at 329 K in the cooling
run with a large thermal hysteresis of 27 K. The corresponding
entropy change AS is estimated by the Clausius equation'

T
AS=/ AT ~
T

mol ™ K™! during the heating run. According to the Boltzmann
equation AS = R InN, where R is the gas constant and N is the
multiplicity of microscopic states, the N is calculated to be
14.94, which is remarkably larger than that of some of the

AH™® .
T the AS is calculated to be 22.48 ]

c
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inorganic or inorganic—organic hybrid NLO switch material
systems, for instance, 1.30 in K, (NH,),_,POF,'® 4.15 in
bis(2-chloroethyl)amine hydrochloride,”® 2.31 in
[NH,(CH,)NH,]SbCl,'"* and 1.94 in [H,dabcoCl,]-
[FeCly(H,0);].%° Yet, the N of the title compound is smaller
than 20.23 in the organic complex 2-(hydroxymethyl)-2-nitro-
1,3-propanediol.*® The large entropy change and large N value
suggest that upon heating, the RTP of [Ag(NH,;),],SO,
transforms into a state of large entropy where the atoms
adopt a large number of different states that are accessible with
the exact same probability. In short, regarding the structural
disorder, the HTP shall be highly disordered.

To further verify the phase transition, variable-temperature
powder X-ray diffraction data were collected on the tetrahedral
[Ag(NH,),1,S0, polycrystalline powders. As shown in Figure
1b,c, the PXRD patterns are the same at 300, 333, and 347 K,
as indicated by the identical position of the (110) and (020)
peaks, which start to shift at 357 K to a lower 26 angle
simultaneously, and the (011) reflection peak shifts to a higher
20 angle. The lower angle shift of the (110) and (020)
reflections indicates an increase in (110)- and (020)-
interplanar distances, whereas the higher angle shift of the
(011) reflections indicates a decrease in (011)-interplanar
distance. Considering the tetrahedral symmetry of RTP
[Ag(NH;),],S0,, such shifts suggest an expansion in the a
and b axes and a decrease in the ¢ axis. When the temperature
goes above 357 K, some new reflection peaks are seen at 260 =
28.5,29.2, 32.2, and 32.8. When the temperature drops to 326
K, the (110) and (020) peaks are seen to shift and eventually
shift back at 300 K to the original positions at 15° and 22°,
respectively (Figure 1c). Note that the coexistence of two
(110) and two (020) peaks is observed in the pattern collected
at 326 K, which may indicate the coexistence of two phases. In
the end, the temperature drops to 300 K and the peaks of the
HTP disappear. Thus, a phase transition of [Ag(NHj;),],S0, is
verified by the VT powder X-ray diffraction data, which are
well consistent with the DSC results (Figure 1).

The RTP single-crystal diffraction data of [Ag(NH,),],SO,
were recollected at 300 K, which agree well with the previous
reports.””" The diffraction data were also collected at 313—348
K with a 10° step, which are well solved as the tetragonal P42,c
RTP phase (Figure 2a and Table S4). Yet, at higher
temperatures of 358 and 366 K, we observed a different
tetragonal structure featuring centrosymmetric I4/mmm with
cell parameters of a = b = 8.6081(11) A and ¢ = 6.2110(8) A
(Table S1). Compared with the unit cell of the RTP, a negative
expansion of the ¢ axis (—3%) but positive expansions of the a/
b axis (+1.73%) are observed, which lead to a normal positive
unit cell expansion (+0.34%) from the RTP to HTP (Figure
3a). The negative ¢ axis expansion agrees with the (011)
reflection shifting toward a higher 20 angle as the temperature
increases, and the positive a/b axis expansions are consistent
with the lower 260 angle shift of the (110) and (020) peaks
(Figure 1). As listed in Tables S2 and SS, in the RTP structure,
the SO,>” anions and [Ag(NH;),]* cations are ordered with
full occupancy. Characteristically, each O atom of a SO,
tetrahedron is connected to the cation via three strong N—
H--O hydrogen bonds with a N---O distance of 2.97—3.03 A
(Figure 2a). On the other hand, each N end of the
[Ag(NH;),]" cation is fixed onto a matrix of the SO,*~
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anion through such hydrogen bonds via a motif in which the
linear stick-like cation bends with a N—Ag—N angle = 174°
pointing to the opposite direction of the slightly weaker N—
H---O hydrogen bond with a N---O distance of 3.03 A (Figure
2a). Consequently, each individual [Ag(NH,),]* cation carries
a small dipole moment that contributes greatly to the
anisotropy’ of the material. The structure packing along the
¢ direction and a single-layered structure of the RTP are shown
in Figure S3 and Figure 2c, respectively.

Differently, in the structure of the HTP, the SO,*~ anions
and [Ag(NHj;),]" cations become severely disordered (Figure
2b). The structure packing along the ¢ direction and a single-
layered structure of the HTP are shown in Figure S3 and
Figure 2d, respectively. As listed in Table S5, the O atom at the
Wryckoff 8e site in the RTP structure moves upon the heat
stimulation above 358 K to either a 16m site (O1, occ. of 25%)
or a 16l site (02, occ. of 25%). Meanwhile, the N atom also
leaves the 8e Wyckoff site in the RTP and disorders over the
16! Wyckoff site with an occ. of 50% (Table S2). Such
disorders indicate that O and N atoms in the HTP have large
distribution possibilities, giving the structure a large entropy
that is coincident with the thermal analyses and the results
estimated by the Clausius equation and Boltzmann equation
discussed above. As shown in Figure 2b, such disorders give a
multiple orientational possibility of the SO, tetrahedron, which
consequently presents an average configuration in the HTP
rather than a typical tetrahedral configuration in the RTP. In
comparison, the disorder of the linear stick-like [Ag(NH;),]*
cation is nearly confined within the (001) plane, and the N—
Ag—N angle is 180° in the HTP (Figure 2b, Figure S3d, and
Tables S3 and S5). Nevertheless, the temperature dependences
of the atomic displacement parameter of both the RTP and
HTP show a normal increase in the thermal vibration of each
atom upon the increase in temperature (Figure 3b).

To further understand the occurrence of the center of
symmetry during such an order (RTP, NCS)-to-disorder
(HTP, CS) phase transition, the symmetry elements are
illustrated (Figure 2e). The 4 axis in the RTP located at the
middle of the unit cell pointing to the paper rotates a
[Ag(NHj;),]* cation 90° on the ab plane and subsequently
inverts it to the position where the dipole moment is thus
oppositely directed (Figure S2a), whereas in the HTP, the N—
Ag—N angle of the cation is 180° and four such cations are
operated by a 4 axis (Figure S2b), where an inversion center
appears. As detailed in Figure 2e, the HTP involves 16
symmetry elements (E, 2C,, C,, 2Cy/, 2C,”, i, 2S,, oy, 20, and
20,) with the point group 4/mmm (Dg,), whereas the RTP
involves much less symmetry elements, which are only eight
(E, C,, 2Cy, 28, and 26,4) with the point group 42m (D).
Such a symmetry element decrease consists in the Landau
phase transition theory prediction when a structure transforms
from high symmetry down to low symmetry. The RTP-to-HTP
transition is driven by the structural disorder of both the SO,*~
tetrahedral anions and the linear stick-like [Ag(NH;),]*
cations. As shown in Figure 2a, because of the constraint of
the strong NH---O hydrogen bonds that glue the individual
stick-like [Ag(NH,),]* cations onto the matrix formed by
individual SO,*” anions, the number of symmetry elements in
the RTP is therefore less than that in the HTP. Such a
transition is different from the majority of the hybrid NLO
switch compounds, for instance, (Hdabco)ClO,,”” in which
only the flexible organic species is the rotational moiety. In
[Ag(NHj;),],S0, however, both the cation and anion are
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Figure 4. (a) In situ FT-IR spectra of [Ag(NH;),],S0, from 303 to 363 K. Partially enlarged views of (b) v(NH;+-O) (~1940—1961 cm™"), (c)
5,(NH,;) (~1625—1641 cm™), and (d) 5,(NH;) (~1243 cm™); inset orange box: flattening of the 5,(NH,;) peak of the HTP; dashed line:

1,(S0,) (~1107 cm™).

rotational, which gives a large multiplicity of microscopic states
and leads to a large entropy during the phase transition (Figure
1).

As shown in Figure 3a, during the RTP-to-HTP phase
transition, [Ag(NH;),],SO, exhibits an unusually negative
expansion in the ¢ direction (—3%), the origin of which is very
alluring. The detailed structure analyses suggest that the
projected Ag—NP™***d lengths on the a (or b) axis in the RTP
and HTP are 1.895 and 1.866 A, respectively (Figure S4 and
Table S6). More significantly, during the phase transition, the
N—Ag—N angle changes from 174° to 180°. As we know, in
the [Ag(NHj;),]* cation, the Ag* ion provides an empty sp-
hybrid orbital, and the NH; molecule donates an electron pair
so as to form a directional covalent bond. As for the flattening
of the N—Ag—N angle, the Ag*-sp-hybrid orbital has a better
overlap with the N-2s%-electron pair, which is verified by the
Ag—N bond shortening (2.107 A vs 2.066 A) that infers a
decrease in the effective positive charge of the Ag* ion.***’
Consequently, the repulsion between Ag-cations is weakened
as implied by the Ag—Ag distance shortening (3.1990 A vs
3.1055 A). Such a hydrogen bonding weakening-driven
negative thermal expansion (along the ¢ axis, —3%) is unique
and rare.*’

In addition, the atomic displacement parameters (ADPs)
also demonstrate the order—disorder phase transition (Figure
3b). The ADPs of all atoms increase slowly with the
temperature before and increase obviously after the phase
transition due to the splitting of the O atom from one 8e
Wyckoff site into two Wyckoff sites of 16m (O1) and 16l
(02).

Further, the thermal conductivity of [Ag(NHj;),],SO, was
measured in the temperature range of 303 to 363 K (Figure
3c—e). The total thermal conductivity (k) constitutes the
lattice thermal conductivity (k) and electric thermal
conductivity (k.), and the k. is almost zero owing to its
insulator nature with a large band gap (E, = 4.42 V'), so the
thermal conductivity of [Ag(NHj;),],SO, is mainly determined
by ki, As heat transport in a crystalline solid is governed by
the propagation and scatterings of phonons through the
lattice,*" the measured temperature dependence of the thermal
diffusivity (1) shows a slow decrease before the phase
transition, which is related to the phonon scattering increasing
as the temperature increases. After the phase transition, the A

2064

significantly decreases. The « is calculated to be 0.31 W m™"

K™ at 340 K and decreases to 0.22 W m™' K" at 361 K
(Figure 3e). Such a k decrease reveals additional thermal
resistance that may come from the phonon confinement and
phonon focusing™*® due to the structural disordering
structure in the HTP, and such a disorder-induced low A is
also seen in some liquid-like thermoelectric materials, such as
argyrodite AgyGaSes.**

Limited by the best facility we have currently, it is still difficult
to produce extremely high-quality single crystals of HTP
[Ag(NH,),],S0,, and the refinement of the single-crystal
diffraction data cannot directly solve the positions of hydrogen
atoms in the HTP structure (Tables S1—S5). Indeed,
considering the severe disorder in such a structure, any
attempt would be in vain. To further understand the role of the
hydrogen bond during the phase transition, the in situ FT-IR
spectra were measured in the temperature range of 303 to 363
K and then from 363 to 303 K (Figure 4a). As the temperature
rises from 303 to 353 K, the vibrations of v (NH;-O) and
5,(NH;) remain at 1961 and 1641 cm™', respectively, but
move to lower energies of 1940 and 1625 cm™! at 363 K,
which are in accordance with the phase transition occurrence
from 353 to 363 K (Figure 4b,c). Importantly, these lower
vibration energy shifts of (NH;O) and N—H confirm the
weakening of hydrogen bonds during the RTP-to-HTP
transition. When the temperature finally drops below 333 K,
the vibrations of v (NH;-O) and §,((NH;) return to the
original positions, which indicates a reversible phase transition.
In addition, the §,(NH;) at 1243 cm™ is obviously visible in
the RTP but almost flattened in the HTP, which also reflects
the violent motion of the group within the lattice®* (Figure
4d), and the peaks of v,(SO,) (~1107 cm™) do not move
noticeably, which may indicate that the SO,>~ anion is only
spatially disordered and the S—O bond length has not
obviously changed.

Above T, the weakening of the hydrogen bond in [Ag-
(NH;),],SO, drives an ordered-to-disordered structure
transition, leading to switching from the SHG-on state to the
SHG-off state. The SHG intensity was measured by a standard
Kurtz—Perry method on polycrystalline samples with particle
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sizes of 150—212 um.” As shown in Figure 5a, the RTP (SHG-
on state) exhibits a strong SHG signal (1.4 X KDP), whereas
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Figure 5. (a) Temperature-dependent SHG intensity of [Ag-
(NH;),],SO, during heating and cooling. (b) SHG intensity
comparison between the repetitive transition of the RTP (SHG-on)
and HTP (SHG-off) during 10 cycles. Inset: SHG signals of cycle
numbers 0 and 10.

above T, the HTP (SHG-off state) exhibits an almost zero
SHG signal (that is nothing but the weak noise error of the
instrument). Such experimental data give an SHG contrast of
12 that is defined as contrast = (SHG intensity),, g/ (SHG
intensity) o sare- (Caution: The absolute value of the contrast
does not represent the intrinsic nature of the switch material.
For instance, for the cases where the off-state is a
centrosymmetric structure as we reported herein, the (SHG
intensity) e i zero; theoretically, the contrast shall be
infinite!) In the following cooling process, the SHG signal
switches on when the temperature is below 328 K and gives a
contrast of ~10, indicating that the SHG response is reversible
with a temperature hysteresis that is consistent with the DSC
results. The SHG intensity of [Ag(NH;),],SO, 1.4 times
stronger than that of KDP, is one of the strongest among the
known solid-state SHG switches, such as
[CH,(CH,);NH,],(CH;NH,)Pb,Br, (0.4 x KDP),*
[C,H,(N][CdCL] (04 x KDP),'"’ [isoQH]ReO, (0.5 X
KDP),* (Hdabco®)(CF,COO~) (0.8—1.2 X KDP),'* and
Ko3(NH,);,PO;F (1.1 x KDP)."® In addition to the strong
SHG intensity and the large on—off contrast, [Ag(NH,),],50,
exhibits very good reversible capacity; after switching on and
off for 10 cycles, the SHG intensity in principle is retained well
(Figure Sb), which is superior to the photochromic SHG
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switchable polymers*”*® or Langmuir—Blodgett thin films,*

which usually repeat less than five cycles.

To further understand the micro-origin at the atomic level of
the [Ag(NHj;),],SO, phase transition, the MD simulation was
carried out. As an important parameter to study the phase
transition,”® the mean squared displacement (MSD) is
analyzed (Figure 3f). The MSD of an individual atom shows
a slow rising and chaotic trend from 298 to 333 K, and then
that of the O atom dramatically increases after 343 K and
remains at the high level at 353 K, which indicates a T in the
range of 333 to 343 K that is about 10—20 K lower than the
experimental value (356 K). The MD trajectories of all atoms
at 353 K are considerably broader than those at 298 K,
indicating a serious disorder in HTP, which to some extent
supports the refinement results of single-crystal diffraction data
(Figure SS).

Complicated by the severe disorder in the HTP, the full
theroretical calculation is impossible; thus, only an approx-
imate (denoted as HTP*P**) is utilized in the corresponding
electronic structures and the linear and nonlinear optical
property calculations (Figure S6). The calculated band gap of
HTP®P* s 2.65 eV, lower than 2.93 eV of RTP (Figure
S6a,b). More importantly, the calculated refractive indices are
RTP (n, = n, = 1.541 and n, = 1.643) and HTP*"*™ (n, =
1.553, n, = 1.557, and n, = 1.629) (Figure S6¢), giving an
increase in the x and y directions but a decrease in the z
direction, and eventually lead to a birefringence (An) decrease
from the RTP (0.102) to HTP®P™* (0.076) (Figure S6d).
These results support well the crystallographic structure
difference. The calculated polarizability anisotropy (Aa) of
the [Ag(NH;),]" cation is 12.84, overwhelming that of the
SO,2” anion (Aa = 0.0093),” which indicates that the
anisotropy of [Ag(NHj;),],SO, mainly originates from the ¢
direction-bending linear stick-like [Ag(NH;),]* cation. As
shown in Figure S7, in the HTP®P**, the disorder makes the
dipoles randomly oriented, and the flattening of the N—Ag—N
angle diminishes the numerical magnitude of the dipole
moment, which results in a decrease in anisotropy and
eventually a An decrease from the RTP to HTP*¥P™*. The
anisotropy decrease in the HTP¥P™* is consistent with its
highly disordered structure feature. Please keep in mind that
the HTP*P™* differs from the real disordered structure, and the
HTP™P™ remains a long-range ordered structure feature to
facilitate the corresponding calculations; there must be a
certain deviation from the real refractive index. The same is
true for the calculated dy4, which is 0.45 pm/V at 1064 nm of
the HTP*P"%, significantly smaller than that of the RTP (1.50
pm/V) (Figure S6e). With the aid of these calculations, it is
reasonable to conclude that the SHG coefficient of the
centrosymmetric HTP is zero and the birefringence will be
smaller than that of the approximation (0.076).

In summary, a novel near-room-temperature inorganic NLO
switch material, [Ag(NHj;),],S0,, is discovered, which shows a
phase transition (T.) at 356 K and exhibits excellent NLO
switch performance, including a strong SHG response (1.4 X
KDP), remarkable SHG contrast (~10), and good reversibility
(>10 cycles). The NCS room-temperature phase (RTP) that
transforms into a CS HTP is first reported, which is driven by

https://doi.org/10.1021/jacsau.2c00353
JACS Au 2022, 2, 2059-2067


https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00353/suppl_file/au2c00353_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00353?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00353?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00353?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00353?fig=fig5&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

the severe disorder of the SO,*” anions and [Ag(NH;),]"
cations. The hydrogen bond interaction between anions and
cations is greatly weakened as confirmed by the lower energy
shift of the vibrations of (NH;+--O) and N—H bonds above T..
In addition, the profound motion of the O atoms and the less
profound motion of N atoms during the phase transition are
demonstrated by the ADPs and MSDs. Furthermore, the
structure disorder hinders the phonon propagation and
eventually decreases the thermal conductivity and weakens
the birefringence and SHG coeflicients of the HTP compared
to the RTP. These studies verify that the structural disorder
significantly weakens the optical anisotropy and SHG response.
We believe that these discoveries will further aid in the
understanding of the mechanism of order—disorder phase
transition and provide useful insights into the future design and
synthesis of functional materials that are correlated with the
phase transition.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00353.
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