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In the conventional strategy to design donor—acceptor (D—A) organic molecules for the large electronic

contribution part to first hyperpolarizability (), the effects of the torsion angles (8; and 6,) between
donor and acceptor moieties are barely considered. To address this issue, in this work, an promising
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and novel intramolecular boron-locking strategy combined with different locking groups of different
acceptors to control the 6; and 6, has been proposed thereby to make D—A organic molecules
for the large B values. Intriguingly, reducing the torsion angles will make the B value of pyridiny
thiophene units triphenylamine (Py-Th—TPA) dramatically up to 94%, which mainly ascribes to that
smaller 6; and 6, lead to lower excited energy of the crucial excited state, and then enhanced charge
transfer (CT) from TPA to Py-Th moieties, and finally greatly increase the donor and acceptor parts
contributions to . Correlation between the difference, |6; — 6|, and B hold large coefficient of
determination, R2=0.78, which demonstrates that |8, — 6| can be regarded as a potential descriptor
for designing NLO materials with D—A architecture. Clearly, we uncovered that 6; and 6, play a
crucial role for performance of NLO materials with D—A fragment.

1 Introduction
to find a robust approach to control torsion angles to achieve the

Recent years, in the field of nonlinear optics (NLO), it has wit- goal with high performance NLO materials.

nessed much attention focusing on designing high performance
NLO materials to meet growing requirements of practical applica-
tions of dynamic image processing, optical frequency conversion
and data storagem'@. Great efforts have been put into design-
ing NLO materials with large hyperpolarizabilities, consequently,
some effective approaches to enhance hyperpolarizabilities have
been proposed up to date?T91I In terms of those effective ap-
proaches to enhance hyperpolarizatilities, constructing organic
molecules with D-A architecture has been emerged as a vibrant
topic. Moreover, it has been confirmed that inherent NLO
properties, such as the first hyperpolarizability, are closely related
to torsion angles between donor and acceptor moieties, which
demonstrates that controlling torsion angles between donor and
acceptor units has become a key factor for obtaining high perfor-
mance NLO materials®215:17, To data, it is still an open issue

Recently, strategies to design high performance NLO materi-
als by controlling torsion angles between donor and acceptor
fragments have been proposed®215:17, For instance, installing
large groups into donor and acceptor units has been proposed by
Lou and co-workersT17 which is using steric hindrance of large
groups to regulate torsion between donor and acceptor moieties.
However, large groups are difficult to be inserted into donor and
acceptor fragments to make small torsion angles between donor
and acceptor units. Importantly, large hyperpolarizabilities of D—
A organic molecules commonly corresponds to small torsion an-
gles?. Fortunately, our previous work®? have reported that in-
tramolecular carbon-locking strategy can be served as an effective
strategy for getting small torsion angles between donor and ac-
ceptor moieties, thereby predicting a series of candidates of NLO
materials with large hyperpolarizabilities. But, those candidates
of NLO materials found by our previous work are lack of strong
intramolecular/intermolecular noncovalent interactions (INCIs),
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better strategy with torsion angles between donor and acceptor
fragments controllable, and with high stability as well, for high
performance NLO materials.

Recent studies have indicated that INCIs can enhance the char-
acter of charge transfer (CT) from the donor to the acceptor.
And strong CT character is conducive to generating desirable
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factors for obtaining large hyperpolarizabilities®. Moreover, in-
termolecular noncovalent interactions were also found to play
important role in NLO properties, and can be served as effi-
cient strategy for designing NLO materials“l’22, For instance,
the first hyperpolarizability values of complexes formed by INCIs
are much larger than the corresponding to isolated systems22,
Furthermore, large bulky nature of donor and acceptor endows
congenital factors for forming INCIs. As above mentioned, in-
tramolecular locking strategy combined with INCIs may be served
as a promising and novel strategy for developing high perfor-
mance NLO materials with D—A architecture. Therefore, ther-
mally activated delayed fluorescence candidate of pyridiny thio-
phene units triphenylamine (Py-Th-TPA)23l (as shown in Fig.
with large bulky character is selected as the study subject in this
work, as well as the intramolecular boron-locking strategy com-
bined with different acceptor groups (R groups are listed in Fig.
interacting to Py-Th-TPA is presented. The results of INCIs
between locking groups (R) and donor (TPA)/acceptor (Py-Th),
the CT from TPA to Py-Th units, and the first hyperpolarizability
(B) are reported.

Eo=-181eV B =-147eV E,, =-146¢V
Eypvo =106V

Ejno=-104€V  E =-077eV

Eo=-065eV  E =-059eV E,, =-054eV

B-R-locking-Py-Th-TPA

Fig. 1 The geometries of Py-Th-TPA and B—Rlocking—Py—Th—TPA, and
torsion angles (6; and 6,) between donor and acceptor moieties, where
R groups include TXO, DPzS, TTR, DPyS, DTC, TX02-CF;, DSCZ,
DMPS and TXO2, and acceptor units (blue and green parts) are Py-Th
and R groups, and donor (red part) corresponding to TPA fragment.

2 Computational details

The geometric optimizations and frequency calculations of all
geometries of Fig. are performed by M06-2X-D3/def2-SVPP
level2427 a5 well as SMD continuum solvation model?®' combi-
nation with toluene solvent. Furthermore, it is worthy noting
that long-range-corrected functional CAM-B3LYP2? has displayed
good robust for calculating excited state properties of excited
energy (AE), transition dipole moment (Au) and hyperpolariz-

2| Journal Name, [year], [vol.], 1

abilities® 2, As a consequence, CAM-B3LYP/def2-SVPP leve]27:2?
is utilized to calculate AE and Au, while CAM-B3LYP/Jul-cc-
pVDZ22%31 evel is used to calculate electronic contribution part
to the first hyperpolarizability (8). And j is obtained by equation
m

B=(B+B}+P2): ¥
with

Bi = Biii + Bijj + Bikk 2
where i, j,k € {x,y,z} in equation 2}

The first hyperpolarizability density {pi(j2) (r)}32 of characteriz-

ing electron densities contribution to 3 reflects that electron den-

sities distribution of spatial point r under an uniform external
electric field (F),

p(F)—2p(0)+p(—F)

(2>(r) _ I%p(r)

ij JF2 ‘F:OZ 2 (3)
with 1 ¢
2
Bij = 5; / rply (r)dr @
where i = j € {x,y,z} in equation [3| and i = j =k € {x,y,z} in
equation [4
Furthermore, energy decomposition analysis is done by

B3LYP/def2-TZVP2733 level and sobEDARY combination with
Multiwfn(Revision 3.8dev), where B-R-locking-Py-Th-TPA is di-
vided into two fragments, namely, Py-Th-TPA and B-R units. The
sobEDA method is defined as follow:

AEint = AEels +AEx + AErep +AEor, + AEpFTe +AEyC (5)

where AEy + AE,, denotes exchange-repulsion term, AEq, rep-
resents orbital interaction term, and AEpgr. + AEg. is Coulomb
correlation term, the more details about sobEDA method can be
found in original literature=4,

The above calculations are carried out by Gaussian 16 pack-
age (Revision B.01)2. Ap, multi-level analysis=®37 the first hy-
perpolarizability density analysis and decomposition analysis, the
distributions of electron and hole8, the independent gradient
model (IGM)=? based on Hirshfeld partition of molecular den-
sity (IGMH)4Y, integrating of —xp,g) (r) function by multi-center
numerical integration algorithm proposed by Becke*! are exe-
cuted by open-access, powerful functions and user-friendly Mul-
tiwfn program (Revision 3.8dev)42. The isosurface diagrams of
the first hyperpolarizability density are plotted by VMD#3 combi-
nation with Multiwfn (Revision 3.8dev).

3 Results and discussion

Geometries of Py-Th-TPA and B-R-locking-Py—Th—TPA obtained
by M06-2X-D3/def2-SVPP level are illustrated in Fig. where
R groups are composed of the different acceptors of TXO, DPzS,
TTR, DPyS, DTC, TXO02-CF;, DSCZ, DMPS and TXO2. Interest-
ingly, one found that there are remarkable folded phenomenon in
R groups of DPzS, DPyS, TX02-CF3 and DMPS, which is conduc-
tive to forming INCIs of xn---7 between R groups (DPzS, DPyS,
TX02-CF3; and DMPS) and acceptor unit (Py-Th). Compared
with B-R-locking-Py—Th—TPA, one also found from Table [1| that
0; and 6, (where 6, and 6, are remarked in Fig. [1) in Py-Th-TPA
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Table 1 values of 8;, 6, and |6, — 6;] (°) in Py—Th—TPA and B-locking—
R—Py-Th-TPA, and dispersion interaction (Egsp, kcal/mol) between R
groups and donor/acceptor, where R=TXO, DPzS, TTR, DPyS, DTC,
TX02-CF3, DSCZ, DMPS and TXO2.

Compounds 6, 0, |61 — 6, | Egisp
Py-Th-TPA 45.69 42.89 2.80

R=TXO 0.57 0.88 0.31 -50.36
R=DPzS 2.04 1.42 0.62 -50.25
R=TTR 1.19 1.21 0.02 -49.25
R=DPyS 1.87 1.18 0.69 -51.45
R=DTC 0.26 0.50 0.24 -49.23
R=TX02-CF3 0.80 1.07 0.27 -55.20
R=DSCZ 0.76 0.05 0.71 -46.50
R=DMPS 0.67 0.08 0.59 -58.71
R=TX02 2.17 0.60 1.57 -47.61

are dramatically decreased by intramolecular boron-locking strat-
egy, namely, 6, and 6, decreasing from 45.69° to 0.26° and from
42.89° to 0.50°, respectively. What'’s more, it has been confirmed
that inherent properties are closely related to torsion angles be-
tween donor and acceptor units?. As a consequence, the changes
of 6; and 6, will cause that the inherent property of f has re-
markable variation.

It is worth noting that there exist INCIs between R groups and
donor (TPA)/acceptor (Py-Th) units. The visual analysis mea-
sure of IGMH is utilized to characterize INCIs in B-R-locking—
Py-Th-TPA. As shown in Fig. these INCIs are composed of
w---m, N---H, O---H, F---H, and these values of dispersion in-
teraction (Eg;sp, seeing Table [I)) range from —46.50 kcal/mol to
—-58.71 kcal/mol. These strong INCIs are beneficial to enhance
thermal stability of B-R-locking-Py-Th-TPA, and can result in
limited geometric deformations in excited state, thereby bringing
small excited energy of the crucial excited state, which is benefi-
cial to facilitate CT from donor (TPA) transfer to acceptor (Py—Th)
fragments.

- .

repulsion

B-DSCZ-Py-locking-Th-TPA B-DMPS-Py.-locking Th-TPA B-TXO2-locking-Py-Th-TPA
Fig. 2 The IGMH diagrams between R groups and donor (TPA)/acceptor
(Py=Th) units in B—-R-locking—Py—-Th—-TPA, where R=TXO, DPzS,

TTR, DPyS, DTC, TX02-CF3, DSCZ, DMPS and TXO2.
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Fig. 3 The distributions of electron and hole of the crucial excited state in
Py-Th-TPA and B-R-locking—Py—-Th—TPA, and the ratios of CT from
donor (TPA) transfer to acceptor (Py—Th) units and the ratios of local
excitation (LE) in TPA and Py—Th, where orange and green denote elec-
tron and hole, respectively, where R=TXO, DPzS, TTR, DPyS, DTC,
TX02-CF3, DSCZ, DMPS and TXO2.

In order to more intuitively analyze that INCIs impact on CT
characters, the analysis approach of electron and hole analysis
has been utilized to characterize CT characters of the crucial ex-
cited state in Py—-Th-TPA and B-R-locking—Py-Th-TPA. And the
crucial excited state is selected via multi-level analysis approach
obtained by sum-of-states3%37, namely, BSOS = 6y, j(%) +

ZyZ Z z
2/—’0:“0_,[%?#, + !
tion, AE; and AE; corresponds to the excited energies of the i-th
and j-th excited states, respectively; u and ,ugj represent compo-
nents of the transition dipole moment from the ground to the ex-
cited states in the Z directions, u;; represents the transition dipole
moment component in the Z direction from excited state i to ex-
cited state j, and Au? and Aujz are the difference in Z directions
between the dipole moment tensor for the excited state and the
dipole moment tensor of the ground state, and the largest con-
tribution to B5J5 origin from the n-th excited state is served as
the crucial excited state. What's more, 595 is inversely propor-
tional to AE, which indicates that AE is a one of decisive factors
for taking control the magnitude of f3.

ZV2A1Z
(MOJA)EZ o ), where Z are one of the x, y and z direc-

The crucial excited state and the corresponding AE in B-R-
locking—Py-Th-TPA corresponding to S8 with AE=3.68 eV for
R=TXO, S8 with AE=3.69 eV for R=DPzS, S1 with AE=1.99 eV
for R=TTR, S7 with AE=3.66 eV for R=DPyS, S7 with AE=3.69
eV for R=DTC, S7 with AE=3.64 eV for R=TX02-CF3, S7 with
AE=3.67 eV for R=DSCZ, S1 with AE=2.13 €V for R=DMPS and
S7 with AE=3.66 €V for R=TXO2, respectively, and the crucial
excited state and AE value of Py—-Th-TPA is S5 with AE=3.82 eV.
It is worth noting that the crucial excited state of R=TTR and
R=DMPS in B-R-locking—Py-Th-TPA have lower excited energy
than another B-R-locking—Py-Th-TPA compounds, which own-
ing to the crucial excited state of R=TTR and R=DMPS in B-R-
locking—Py-Th-TPA all locate on the first excited state. Compared
with the crucial excited state of Py-Th-TPA, it can be clearly seen
from Fig. [3| that electron and hole of the crucial excited state in
B-R-locking-Py-Th-TPA are obviously separated, and the ratios
of CT from TPA transfer to Py—Th moieties are upped 10% to 18%,
and the ratios of local excitation (LE) in TPA and Py-Th units are
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decreased 26% to 31%, which demonstrates that CT character
from TPA transfer to Py-Th fragment is obviously enhanced by
INCIs. These results of electron and hole analysis directly suggest
that INCIs between R groups and donor (TPA)/acceptor (Py-Th)
are conducing to generating favorable factor of strong CT for ob-
taining large f value.

35 40
30-
L35
25-
g 20- 30 %
) g
5 15-
L25
10-
31 2.0
0-

SIS ET IS S
A P o7
~ T T T
Q-
Fig. 4 B values (au) of Py—Th-TPA and B—-R-locking—Py—Th—TPA ob-
tained by CAM-B3LYP/Jul-cc-pVDZ level, and the relationship between

B and excited energy (AE, eV) of the crucial excited state, where R=TXO,
DPzS, TTR, DPyS, DTC, TX02-CF3, DSCZ, DMPS and TXO2.

These f values of Py-Th-TPA and B-R-locking-Py-Th-TPA ob-
tained by CAM-B3LYP/Jul-cc-PvDZ level have been plotted Fig.
[ where the corresponding B values as follows: B =16462
au (By = 17214 au) for Py-Th-TPA, in B-R-locking—Py-Th-
TPA, B =26038 au (B = 26659 au) for R=TXO, f =25688 au
(Byxx = 26222 au) for R=DPzS,  =31891 au (B = 32564 au) for
R=TTR, B =27450 au (B, = 28116 au) for R=DPyS, § =23800
au (By = 24431 au) for R=DTC, B =26054 au (S, = 26945 au)
for R=TX02-CF3, B =23922 au (B = 24597 au) for R=DSCZ,
B =26599 au (B = 27052 au) for R=DMPS, B =231669 au
(Bixx = 24066 au) for R=TX02. Excitingly, with dramatically de-
creasing of 6, and 65, it can be intuitively seen from Fig. [4] that 3
values of B-R-locking—Py-Th-TPA are significantly greater than 8
value of Py—-Th—TPA, and the increased ratios of § of Py—-Th-TPA
range from 41% to 94%, which means that 6; and 6, hold obvious
impact on f values, and intramolecular boron-locking strategy
can also be served as an promising and novel strategy for increas-
ing B value for twisted organic molecules with D-A architecture.
Furthermore, these f values of Py—Th-TPA and B-R-locking-Py—
Th-TPA hold same magnitude order compared with the reported
candidates of high performance NLO materials of D-A organic
molecules®?, which owning to following two reasons: firstly, TPA
and Py-Th fragments retain strong strength of donating electron
and withdrawing electron, respectively; secondly, heteroatom of
Py-Th unit can enhance r—electron delocalization, thereby which
results in large f value. Therefore, Py-Th-TPA and B-R-locking—
Py-Th-TPA can be also served as potential candidates of high per-
formance NLO materials.

4| Journal Name, [year], [vol.], 1

To shed light on the mechanisms of increasing of 8 , the fol-
lowing analysis measures have been adopted. First of all, because
large INCIs values and small 6,/6, lead to limited geometrical
deformations in excited, which is conductive to generating strong
CT character from TPA transfer to Py-Th fragments, thereby AE
in Py-Th-TPA are obviously decreased (as depicted in Fig. [,
namely, AE from 3.82 eV (Py-Th-TPA) reduced to 1.99 €V (B—
R-locking—Py-Th-TPA with R=TTR). And S is inversely propor-
tional to AE, thereby AE becomes the mainly decisive factor
for governing magnitude of . Accordingly, the increasing of 8
value in Py-Th-TPA is caused by the decreasing of AE.

Fig. 5 The first hyperpolarizability density diagrams {—x x p2.(r)} of Py—
Th—TPA and B-R—-locking—Py—Th—TPA, where lime and cyan denote the
positive and negative contributions, respectively, where R=TXO, DPzS,
TTR, DPyS, DTC, TX02-CF3, DSCZ, DMPS and TXO2.

Then, the first hyperpolarizability density approach of quanti-
tative analysis is utilized to characterize spatial distributions of
electron density contributions to . It can be found from Fig.
that electron density contribution to f mainly distributed on Py—
Th and TPA units, and electron density in Py-Th fragment mainly
distributed on the same side as the cyano group. Furthermore, it
is worth noting that electron density distributing on B-R group is
almost negligible, which reflects that the effect of B-R groups on
B is almost negligible. The first hyperpolarizability density analy-
sis suggest that large INCIs values and small 0;/6, mainly impact
the electron density distribution in donor and acceptor units.

To deeply figure out large INCIs values and small 6,/6, effect
on f, the numerical contributions of three moieties of TPA donor,
Py-Th acceptor and B-R groups to axial component of f, are
further obtained by utilizing the multi-center numerical integra-
tion algorithm™! to integrate —x x p2 (r) function, and the corre-
sponding results have been plotted in Fig. [6] It can be intuitively
seen from Fig. El that BBecke values of TPA and Py-Th units in
Py-Th-TPA are obviously increased, while S5 values of B-R
groups are all small and negative values. Because large INCIs
values and small 6,/6, enhanced CT character from TPA transfer
Py-Th, which results in f5¢%® values of TPA and Py-Th fragments
in Py—Th-TPA are significantly upped. In addition, small and neg-

ative BBeke values in B-R groups further confirm that 6, and 6,
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occupy an very important position for NLO materials composed
of organic molecules with D-A fragment.

[ donor I acceptor

B-R group

@Y’({‘Q Q(&/&QQ@ &C ¢¢ C:"‘&% Ry

FLL L P LS I
&

@

<«

Fig. 6 The axial component of B¢ for TPA, Py-Th and B-R fragments

XXX

obtained by CAM-B3LYP/Jul-cc-pVDZ level, where red, blue and green
denote donor (TPA), acceptor (Py-Th) and B-R groups, respectively,
where R=TXO, DPzS, TTR, DPyS, DTC, TX02-CF3;, DSCZ, DMPS
and TXO2.

In general, structure-performance relationships pave an facial
approach for evaluating the performance of NLO materials. In-
triguingly, one found that the correlation between |6; — 6, | and
B have displayed linear correlation with coefficient of determina-
tion R2=0.78 (Fig. a)). At the same time, correlations between
|8, — 6;| and B values origin from donor and acceptor parts in
Py-Th-TPA and B-R-locking-Py-Th-TPA have been obtained as
well (Fig. b—c)). One can clearly from Fig. b—c) that good cor-
relations have been found between |6; — 6, | and f values origin
from donor and acceptor, and hold coefficient of determination
R? =0.77 (Fig. [7[b)) and R? =0.90 (Fig. [7{(c)) corresponding to
donor and acceptor moieties, respectively. These good correla-
tions suggest that the difference of |6; — 6, | locates on small re-
gions is beneficial to generate total § value. Moreover, to further
verify the correlations between |6, — 6, | and B/BBeke these two
points of Py-Th-TPA and R=TTR in B-R-locking—Py—Th-TPA are
removed, the corresponding correlations results are provided in
Fig. S1 in Supporting Information, and the coefficients of deter-
mination in between |6, — 6, | and BES® have reached R?> =0.60
for TPA fragment and R> =0.64 for Py-Th fragment, which further
demonstrates that |6, — 6, | is a rational descriptor for predicting
the value of B. The above large R? values between |8; — 6, | and 8
suggests that the difference of |0; — 6, | can be served as propos-
ing descriptor for designing NLO materials with D-A architecture,
thereby inspiring chemists to put forward novel and desirable ap-
proaches for obtaining NLO materials with large 8 value. At the
same time, the good correlation between |8, — 6, | and 8 provides
facile way for estimating 8 value of D-A architecture system.

Furthermore, Luis and coworkers®#8 have confirmed that
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Fig. 7 Correlations between |6 — 6| and B/BBccke, where coefficient
of determination, (a) R?> =0.78 for correlation between |6; — 6,| and j3 in
Py-Th—TPA and B-R—locking—Py-Th-TPA, (b) R> =0.77 for correlation
between |8; — 6| and BB in TPA fragment (donor part) of Py-Th-

XXX
TPA and B-R-locking—Py-Th-TPA, and (c) R?> =0.90 for correlation

between |6 — 6,| and BBk in Py—Th fragment (acceptor part) of Py—
Th-TPA and B-R-locking—Py—-Th-TPA, where R=TXO, DPzS, TTR,
DPyS, DTC, TX02-CF3;, DSCZ, DMPS and TXO2.

the nuclear relaxation contribution to the first hyperpolarizabil-
ity (B"") is also a key component for measuring performance of
NLO materials. Thus, B, values of Py-Th-TPA and B-R-locking—
Py-Th-TPA in the direction of dipole moment are further calcu-
lated. These B}, values of Py-Th-TPA and B-R-locking—Py-Th-
TPA are: Bl = 4148 au for Py—Th-TPA, B/ = 5624 au for R=
TXO, B, = 3394 au for R= DPzS, B}Y, = 5030 au for R= TTR,

. = 6672 au for R= DPyS, B/, = 3826 au for R= DTC, B, =
4835 au for R= TX02-CF;3, B/, = 5351 au for R= DSCZ, B, =
4603 au for R= DMPS, ﬁgx = 5812 au for R= TXO2. Com-
pared with BZ. of Py-Th-TPA, the variation ratios of B}, of B—
R-locking—Py-Th-TPA range from —7.7% to 60.8%. While the
variation ratios of electronic contribution part S, values of B—
R-locking—Py-Th-TPA range from 39.8% to 89.2%. The variation
ratios of By and B}, demonstrate that the effect of 6, and 6, on
Byxx is more obvious compared with B2

4 Conclusions

In summary, based on utilizing intramolecular boron-locking
strategy combination with different acceptor groups (R=TXO,
DPzS, TTR, DPyS, DTC, TXO2-CF3, DSCZ, DMPS and TXO2) to
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modify B value of Py-Th-TPA, and then investigating geomet-
ric and electronic properties of B-R-locking—Py—-Th-TPA in this
work. Several key findings are highlighted as follow:

(i) These INCIs (z---m, N---H, O---H and F---H) between
R groups and donor (TPA)/acceptor (Py-Th-TPA) moi-
eties are conductive to enhancing thermal stability of B-R—
locking-Py-Th-TPA, and decreasing excited energy of the
crucial excited state, thereby enhancing CT from donor
(TPA) transfer to acceptor (Py-Th) units.

(ii) Torsion angles (6, and 6,) between donor and acceptor moi-
eties hold very important position in performance of NLO
materials. And the difference of |6; — 6, can be served as
a potential descriptor for designing NLO materials with D-A
architecture.

(ili) Intramolecular boron-locking strategy can be served as a

promising and novel strategy for enhancing 8 values of

twisted D-A organic molecules.

Overall, these significant findings of this work have pointed out
INCIs between locking groups and donor/acceptor units, torsion
angles between donor and acceptor fragments all play pivotal role
in NLO materials, and provided a robust foundation and a new
type of molecular scaffold for designing high performance NLO
materials with D-A architecture as well.
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