12 United States Patent

Pecinovsky et al.

US011921401B2

US 11,921,401 B2
Mar. 5, 2024

(10) Patent No.:
45) Date of Patent:

(54) NONLINEAR OPTICAL CHROMOPHORES
HAVING A DIAMONDOID GROUP
ATTACHED THERETO, METHODS OF
PREPARING THE SAME, AND USES
THEREOFK

(71) Applicant: Lightwave Logic, Inc., Englewood, CO
(US)

(72) Inventors: Cory Pecinovsky, Latayette, CO (US);
Barry Johnson, Castle Rock, CO (US);
Ginelle Ramann, Centennial, CO (US)

(73) Assignee: Lightwave Logic, Inc., Englewood, CO
(US)

( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 140 days.

(21) Appl. No.: 17/358,960
(22) Filed: Jun. 25, 2021

(65) Prior Publication Data
US 2021/0405504 Al Dec. 30, 2021

Related U.S. Application Data
(60) Provisional application No. 63/044,057/, filed on Jun.

25, 2020.
(51) Int. CL

GO2F 1/00 (2006.01)

CO7D 487/00 (2006.01)

GO2F 1/361 (2006.01)
(52) U.S. CL

CPC ... GO2F 1/3617 (2013.01); CO7D 487/00

(2013.01); GO2F 1/0018 (2013.01); GO2F
1/3612 (2013.01)

LI ;:'
. --.
+

-
e
o o
vt
S
e
£
T

...........................................................................................

(38) Field of Classification Search
CPC .... GO2F 1/0018; GO2F 1/3612; GO2F 1/3617;
CO7D 487/00
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,767,169 A
4,795,664 A
4,810,338 A
4,936,645 A
5,000,285 A

8/1988 Teng et al.
1/1989 DeMartino
3/1989 DeMartino et al.
6/1990 Yoon et al.
4/1991 Thackara et al.

(Continued)

FOREIGN PATENT DOCUMENTS

CN 103923481 A * 7/2014 ... C09B 57/00
CN 1053923481 A 7/2014
(Continued)

OTHER PUBLICATIONS

David Briers, Guy Koeckelberghs, Isabel Picard, Thierry Verbiest,
Andre Persoons, Celest Samyn, Novel Chromophore-Functional-
1zed Poly[2-(trifluoromethyl) adamantyl acrylate-methyl vinyl ure-
thane]s with High Poling Stabilities of the Nonlinear Optical Effect,
Macromol. Rapid Commun. 2003, 24, 841-846, (Year: 2003).*

(Continued)

Primary Examiner — Bi1jan Ahvazi
(74) Attorney, Agent, or Firm — Flaster Greenberg PC

(57) ABSTRACT

Nonlinear optical chromophores having one or more dia-
mondoid groups covalently attached to the chromophore,
methods of making nonlinear optical chromophores, their
use 1n thin films and electro-optical devices containing such
nonlinear optical chromophores and thin films comprising
the same.

2 Claims, 2 Drawing Sheets

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

...........................................................................................



US 11,921,401 B2

Page 2

(56)

5,044,725
5,106,211
5,133,037
5,170,461
5,187,234
5,196,509
5,247,042
5,320,601
5,670,091
5,679,763
6,090,332
0,393,190
0,444,830
0,448,416
0,514,434
0,584,266
0,716,995
8,574,467

2004/0192940

2007/0260062
2007/0260063
2008/0009620
2008/0139812

References Cited

U.S. PATENT DOCUMENTS

o el =l
-

1=I<

>

Nl

9/1991
4/1992
7/1992
12/1992
2/1993
3/1993
9/1993
7/1994
9/1997
10/1997
7/2000
5/2002
9/2002
9/2002
2/2003
6/2003
4/2004
11/2013

9/2004

11/2007
11/2007
1/2008
6/2008

DeMartino et al.
Chiang et al.
Yoon et al.
Yoon et al.

[eslie et al.
Allen

Allen et al.
Sansone et al.
Marder et al.
Jen et al.
Marder et al.
He et al.

He et al.

He et al.

He et al.

He et al.
Huang et al.
Davis ...ooovevinennn.

Goetz et al.
Goetz et al.
Goetz et al.
Goetz et al.

C09B 23/0025

528/331

CO7D 333/38

546/281.1

2009/0005561 Al 1/2009 Goetz et al.
2012/0267583 Al 10/2012 Goetz, Jr. et al.
2020/0388764 Al 12/2020 Dai et al.

FOREIGN PATENT DOCUMENTS

CN 110156756 A 8/2019
EP 0590421 Al 4/1994
EP 3431515 Al 1/2019
JP HO1124834 A 5/1989
JP HO561082 A 3/1993
WO 0009613 A2 2/2000

OTHER PUBLICATTIONS

Gund, T., et al., “Diamantane. I. Preparation of diamantane. Physi-
cal and spectral properties,” J. Org. Chem. 39 (20):2979-2987, Oct.

1, 1974.

C. W. Thiel, “For-wave Mixing and Its Applications,” www.physics.
montana.edu.students.thiel.docs/FWMixing.pdf;, 2008.

Chia-Chi Teng, Measuring Electro-Optic Constants of a Poled Film,
in Nonlinear Optics of Organic Molecules and Polymers, Chp. 7,
447-49 (Har1 Singh Nalwa & Seizo Miyata eds., 1997).

Wel, L1, “Adamantane-Substituted Acridine Donor for Blue Dual
Fluorescence and Eflicient Organic Light-Emitting Diodes™,

Angewandte Chemie International Edition, vol. 58, No. 2, Jan. 8,
2019, pp. 582-586.

* cited by examiner



US 11,921,401 B2

Sheet 1 of 2

Mar. 5, 2024

U.S. Patent

1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

Lt
oy
: o K
g g o
P " Py
K .
K .
K .
K .
K .
K .
K .
K .
K .
K .
K .
K .
K .
K .
K .
K .
’ g
e ‘-
x_w H ﬁl
s L
waﬂ.. w . M.._.r...
.
.
=y :
I W, H
L | 'y
" :
L] H
Srw "
T
.
(o :
- J-.
.
s :
] a-.
r -
T
. T
" i
: ]
v AR
.
.
200 - :
L T
) : :
L
= .
sz“tiu ) %
3 g
G0 ; :
a .
. .
.
fran M
- r .
HM- v &%
A . R
it .
[ A i h““n.
LY . R
e . H
£ m :
[ 3 T
a .
a .
a t a .
K. .
. .
# . g
T, = : gt ony
b i i T e
L
£ x . v i..__ﬂ..__...i
Fs - . .ﬂ_l” Nt
K -aas . v oy
: : o T .ﬂ...l
K L Ilﬂl - T -
e ..
; ¥ S & "
_.l.l._.!_.. ] H
. L}
,V....l....l.“ H o
e " nn
- .-.
i m M. .
| 3 v
L T
Swaw .
.
L. .
o :
T
.Mf.r? : ‘-
e N
b .-.__._.q-_,...n.
_.l.i.-.l...l.. H ) m.
S, p 7%
r L]
j .
ME&. :
. .
i "
.
. .
¥ :
.
.
?’M .
.
b .
e r
T
.
msw.nsw R M
. Y
A
7Y ¢
. .
S :
.
.
o K g
x T
r
Mﬁ-@m . v
" T
T
8 :
. 3 J-.
. 3 1.
P ] v
. T i
el e
.
tmﬁﬂ q” ﬁﬂu
T
ht.ni T e
L r
R, :
e : : .
ﬂ_ - __.a"n H
o g r g "
oy K K .
. - .
m w M - .
K .
- .
- .
K .
- .
- .
K .
- .
- .
% " " a, . a - 'y 'y " __.” _‘.I.I..lm.
e e e e e e e e e e i e e e e e e e e e e e e e e e e e il e il e e e e e e e e e e e e e e e e e il e i e Tl e Tl e e e e e e e e e e e e e e e e e e e e e e e Tl e e e Tl e e e e e e e e e e e e e e e R w_.l.r.l.

....1.‘. .l.ﬁ ‘ul. - ‘.I. - ﬁ.l. - - ..I.un. _..-_.I. .'...n ....‘_.l. .l.ﬁ M..l. ..I.uw ‘.I. ...u...l ...-_.l. - .ﬂ__t.‘. ..I..-_
wr

.r..l..lu-. ..__._l...k ..-._l...li l._l...k .-._l..l' .I._l..l' .I..l..lu-. .r._l..l.-. ..-._l..l- l..l...k

e PR ¢ £ L L < E ™
L

T o S
Ms.mw w_mm..“mw“ﬁw..rw.h S

Fig. 1



U.S. Patent Mar. 5, 2024 Sheet 2 of 2 US 11,921,401 B2

T T T Mt rt ot atatasasas Ao asasasasasasatasas A a- A oasasoasoatatoatasasa-asasoasoasatoatatoaasasa-asoasasoasoatoasoatoasoaa-asaoasoasoatoatoatoaasoa-a-aoasasoasoatoatoaasa-a-a-asoasoasoatoasoatoasasa-a-a-asasoasoatoatatasa-a-aca-oasoasatasacasaca-a-acasasasacasacasaa
. v,
. T,
1] .
. v,
. .
. T . . - -"’1‘:: - i 3 i"? i a3 . .
. g . Pl e :J..'-f-_ S - ' » - . -.-*ji - .
. . , £I ‘.‘i— - FA ;3 "'} ‘_ . i'-' | 3 ] LA ‘-ﬂ ‘:3 -ﬂ_.i {;.t: - :
: i Towta uhame M -f § e - _ LR -+ _ Vagn  wgn :;ﬂ-r s .,
. .-I'.-IF -
. .
[ ] 1'
. .
1] .
1] 1'
[ ] 1'
1] + L] [ ] 1] 1'
N 1‘.' L] - . L] l. N 'l.
- 1] L] 1] -

. +-' F " . L] [ ] . '|.
. 1‘.' [ ] T . " l. . '|.
. 1‘-' 1] * . L] 1] . '|.
. +-' 1] v . L] l. . '|.
: o :.- v i : . ' : -
. Ty e e o I . -
. Ve '3'-' - '1.;'- o et *"-I*.'-'.b ih ': . a . : . . :
. t : .. 'l-'q.".. * . ) T . N v . .
L] + L] Lt Y - - Y " .
. : . l-l.'.'*_'* ' ¥ - . B . . -
- Lt i T a 1 a . -

. + . ot . . . . .
. [l N . ' 3 B . -

L] t L] Ll Y - - u . " .
. [ il i ¥ B . "

L] t L] TR e g " » " .
R l".- . “.l -"":“*" . : - . " :. "'i' R -|.
X :" . ) *i-"':":;:*;'ll'i'i A S R . : - 1-'ln'l-'l-‘-'1-'1-‘4"1"'4-'1'-'-'-'-'-*'1"-"-"-"-".-"-.":"r."-I"-."-.".""'T""'-‘"l'l"';:‘:ﬂ X .
: v . . oy, TR i'i'ifl':-fl"l'q-";‘4-"'1-'1-_'a-.‘a-:a-_'a-_'a-_a-_a-_a-‘a-_t-*t-'-'_-'-_q-_-.-.i‘i‘a-.-.-‘-.-__-'-'t‘t_l-_i-a-_a-_'i_'a-_'a-l‘a-_'a-_'a-'#"a-'a-'l"lfa'-fi'i-'i D e e . W : -
1] 1'-. [ ] I' * 'r- L ) [ ] * .' 1] 1'
- L] L] - L] [ ] L]

. 1‘-' . I- 1] 1' . L] 1] . '|.
. +-' . '|. 1] " . L] l. . '|.
: :.- : .- ' - : . . : "
L rgh - - 1 1- a . -,

. "< f,m m " m m s momemmoEmomEmomommomMoEmoEoEomoEEomoEEoEoEmEoEoEoEEomoEomoEEEoEEoEoEEEoEoEmEoE o E NN EEoEEEEoEEEoEoEEoE N omoEEoEomEE R EEoEoEEoEoEEEoEEEmoEEoEoEEomomEkomoEEomoEEomoEEoEoEEEoEEEoE R oEoEEEEE N E RN E R E RN oo EomoEE o EEEEoEEEoEoEEoE RN EEEEE A EE Ao oEoEEEoEEoEmoEE sk K
. B t . N 3 . . B . . .
. +-' . '|. 1] " . L] l. . '|.
. 1‘.’ . I- L] 1' . L] [ ] . 'l.
. 1‘-' . '|- 1] " . L] l. . '|.
. . +-' . I. 1] 1' . L] 1] . '|.
: o, :.- : . v . : . v : -
: Pl ‘ : : : - : : g : g
L] £ + L} - L] 3 § .
3 ‘:'i “' 1-" h '. * . h " . 3 .
. "W.ll' + " . : -: " N : . .
1] 1'-. [ ] I' - [ ] * . 1] 1'
1] * F 1'-. [ ] 1' : '|. [ ] b : 1] 1'
- . . . . -

. nah ! . . . .. . . . . .
. + . - a . . .
. narhoh b . - ' . . . ' . .
. .lr..nl . ¥ . . . . N .
-"" - ' 1] - L] 1] -

. ‘M .' fj.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ '|.~ 'l-ﬁ 'l.ﬁ IIH 'l.ﬁ 'l.ﬁ 'l.ﬁh'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ IIH 'l-ﬁ 'l.l-'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ '|.~ 'l-l m h v & 7§ 2§ & 'l.ﬁ m h 7 % 1§ 5 & 'l'l 'l-ﬁ 'l.ﬁ IIH 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'lhﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ '|.~ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ.l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁ 'l-ﬁ 'l.ﬁ 'l.ﬁi 'l.
. ¥ . - a . . N .
. | Sl .“""' ¥ . ‘. * . " * . . T,
i - L] 1] - L] 1] -

. - 1‘.’ . I- L] 1' . L] [ ] . 'l.
. il 1‘-' . '|- 1] " . L] l. . '|.
. . ¥ . . . . N .
A . . . . . . :

. P t. . " ' . . . v . "
. + . - B . . .
. o ¥ . . ' . . " . N b
b }'.- 1-" b . iy . b N . b .
1] ! P 1'-. [ ] I' : 'r: [ ] b :' 1] 1'
. ¥ " - . . N .
. ﬂ ] v . ' 3 . . N . . -
. LR + . . : -: . N : . .
. :-".-.'l 1‘: . -: F T . : v . :
. : 1‘.’ . I- L] 1' . L] [ ] . 'l.
. 1‘-' . '|- 1] " . L] l. . '|.
s . ' - B - .

: ) - ‘ : : : - : ) - : -
. + . - a . . .
] !.m N . ' : -.-: . b : N ",
. t . . 1 . . a . . .
. t . . ¥ T . B v . -
. t . N 3 . . B . . .
. +-' . '|. 1] " . L] l. . '|.
. 1‘.’ . I- L] 1' . L] [ ] . 'l.
. 1‘-' . '|- 1] " . L] l. . '|.
. +-' . I. 1] 1' . L] 1] . '|.
. 1‘.’ . 'l- L] " . L] l. . 'l.
. 1‘-' . I- 1] 1' . L] 1] . '|.
. +-' . '|. 1] " . L] l. . '|.
. 1‘.’ . I- L] 1' . L] [ ] . 'l.
. 1‘-' . '|- 1] " . L] l. . '|.
. i +-' . I. 1] 1' . L] 1] . '|.
. '} - 1‘.’ . 'l- L] " . L] l. . 'l.
. o et et e ettt et et e e e ettt ettt e ettt et ettt ettt et ettt e ettt et e e e et e ettt e e e e e e K
. {:'- - +-' . '|. 1] " . L] l. ' . '|.
. + . - a . . .
: ; : : : - : : 3 : :
. +-' . I. 1] 1' . L] 1] . '|.
: t. : . v . : . v : -
1‘-' ' 1] 1' L] 1] -

. +-' . '|. 1] " . L] l. . '|.
: t. : v v " : . ' : -
1‘-' L] 1] " L] 1] -

. +-' . I. 1] 1' . L] 1] . '|.
: t. : . v . : . v : -
1‘-' ' 1] 1' L] 1] -

. +-' . '|. 1] " . L] l. . '|.
. 1‘.’ . I- L] 1' . L] [ ] . 'l.
. 1‘-' . '|- 1] " . L] l. . '|.
. +-' . I. 1] 1' . L] 1] . '|.
. ‘a t, . . r ™. . . v . .
. T . - " . 7 . .
. B R R R R R R I R R R I R I R R R R I R N R R N R N N N A -,
. .
. v,
. T,
. 5 y s . - - - g A = - - .y T em gt -,
. 5 1 Te et AL STRTa NeY TETE O TR 2 S
! 1 '} L. '} ! X 3 L] I B

- . % L FAVIE AW L R ] IO YW, AN e L g
1] .
. v,
. T,
. .
. .i.' L L L
. Lt .
e "

. “n k] .
[ ] .
. .
. v,
. T,
. .
. v,




US 11,921,401 B2

1

NONLINEAR OPTICAL CHROMOPHORES
HAVING A DIAMONDOID GROUP
ATTACHED THERETO, METHODS OF

PREPARING THE SAME, AND USES
THEREOFK

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 63/044,057, filed Jun. 25, 2020, the
entire contents of which are hereby incorporated herein by
reference.

BACKGROUND OF THE INVENTION

Nonlinear optical (NLO) chromophores provide the elec-
tro-optic (EO) activity in poled, electro-optic polymer
devices. Electro-optic polymers have been investigated for
many years as an alternative to morganic materials such as
lithium niobate 1n electro-optic devices. Electro-optic
devices may include, for example, external modulators for
telecom, RF photonics, and optical interconnects and so
forth. Polymeric electro-optic materials have demonstrated
enormous potential for core application in a broad range of
next-generation systems and devices, including phased array
radar, satellite and fiber telecommunications, cable televi-
sion (CATV), optical gyroscopes for application in aerial
and missile guidance, electronic counter measure (ECM)
systems, backplane interconnects for high-speed computa-
tion, ultraquick analog-to-digital conversion, land mine
detection, radio frequency photonics, spatial light modula-
tion and all-optical (light-switching-light) signal processing.

Many NLO molecules (chromophores) have been synthe-
sized that exhibit high molecular electro-optic properties.
The product of the molecular dipole moment (i) and hyper-
polarizability (3) 1s often used as a measure of molecular
clectro-optic performance due to the dipole’s involvement 1n
material processing. See Dalton et al., “New Class of High
Hyperpolarizability Organic Chromophores and Process for
Synthesizing the Same”, WO 00/09613.

Nevertheless extreme difliculties have been encountered
translating microscopic molecular hyperpolarizabilities ([3)
into macroscopic material hyperpolarizabilities (7).
Molecular subcomponents (chromophores) must be inte-
grated mnto NLO materials that exhibit (1) a high degree of
macroscopic nonlinearity and (11) suflicient temporal, ther-
mal, chemical and photochemical stability. High electro-
optic activity and the stability of electro-optic activity, which
1s also referred to as “temporal stability,” are important for
commercially viable devices. Electro-optic activity may be
increased 1n electro-optic polymers by increasing the con-
centration of nonlinear optical chromophores in a host
polymer and by increasing of the electro-optic property of
chromophores. However, some techniques for increasing
chromophore concentration may decrease temporal stability.
Simultaneous solution of these dual 1ssues 1s regarded as the
final 1mpediment in the broad commercialization of EO
polymers in numerous devices and systems.

The production of high material hyperpolarizabilities ()
1s limited by the poor social character of NLO chro-
mophores. Commercially viable materials must incorporate
chromophores at large molecular densities with the requisite
molecular moment statistically oriented along a single mate-
rial axis. In order achieve such an organization, the charge
transier (dipole) character of NLO chromophores 1s com-
monly exploited through the application of an external
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clectric field during material processing that creates a local-
1zed lower-energy condition favoring noncentrosymmetric
order. Unfortunately, at even moderate chromophore densi-
ties, molecules form multi-molecular dipolarly-bound (cen-
trosymmetric) aggregates that cannot be dismantled via
realistic field energies. To overcome this difliculty, integra-
tion of anti-social dipolar chromophores into a cooperative
material architecture 1s commonly achieved through the
construction of physical barriers that limit proximal inter-
molecular relations.

Nevertheless, the most daunting problem 1n the produc-
tion of commercially successtul NLO polymers 1s the 1ssue
of resultant long-term material stability. This 1s likely due to
the reinstitution of centrosymmetry as a result of molecular
mobility over time. The effectiveness of organic NLO mate-
rials having high hyperpolarizabilities 1s limited by the
tendency of these materials to aggregate when processed as
well as the thermal stability of those resultant materials.
Accordingly, there exists a need for improved nonlinear
optically active materials having large hyperpolarizabilities
and that when employed in electro-optic devices, exhibit
large electro-optic coeflicients and high thermal stability.

BRIEF SUMMARY OF THE INVENTION

The present invention 1s directed, in general, nonlinear
optical chromophores, methods of making nonlinear optical
chromophores, their use 1n thin films and electro-optical
devices contaiming such nonlinear optical chromophores and
thin films comprising the same. Various embodiments of the
present 1nvention thus provide nonlinear optical chro-
mophores having one or more diamondoid groups cova-
lently attached to the chromophore. Various embodiments of
the present 1invention provide nonlinear optical chro-
mophores having one or more diamondoid groups cova-
lently attached to the chromophore which exhibit high
molecular electro-optic properties and excellent stability.
Various embodiments of the present invention provide non-
linear optical chromophores having one or more diamondoid
groups covalently attached to the chromophore, which chro-
mophores can exhibit long term stability in their macro-
scopic electro-optic properties when dispersed 1n a host
polymer matrix and poled, with aggregation of chromophore
molecules minimized. Various embodiments of the present
invention provide nonlinear optical chromophores having
one or more diamondoid groups covalently attached to the
chromophore, which chromophores can exhibit improved
poling efliciency when dispersed in a host polymer matrix
and poled. Various embodiments of the present immvention
provide nonlinear optical chromophores having one or more
diamondoid groups covalently attached to the chromophore,
which chromophores can exhibit increased loading when
dispersed 1n a host polymer matrix.

Various embodiments of the present imvention include
nonlinear optical chromophores of the general formula (1):

D-mt-A ()

wherein D represents an organic electron-donating group; A
represents an organic electron-accepting group having an
clectron afhinity greater than the electron athnity of D; and
7w represents a m-bridge between A and D; wherein at least
one diamondoid 1s covalently attached to the nonlinear
optical chromophore.

Various other embodiments of the present invention
include electro-optical thin films comprising a nonlinear
optical chromophore according to any of the foregoing
embodiments dispersed and poled within a host polymer
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matrix. Still other various embodiments of the present
invention include electro-optic devices comprising electro-
optical thin films according to any of the foregoing embodi-
ments. Various other embodiments of the present invention
include methods which comprise: synthesizing a nonlinear
optical chromophore of the general formula (I):

D-mt-A (D)

wherein D represents an organic electron-donating group; A
represents an organic electron-accepting group having an
clectron athinity greater than the electron aflinity of D; and
7 represents a m-bridge between A and D; and covalently
attaching at least one diamondoid group to the nonlinear
optical chromophore during the synthesis.

In various embodiments of the present invention, nonlin-
car optical chromophores of the general formula (I) have up
to five diamondoid groups covalently attached to the struc-
ture. In various preferred embodiments of the present inven-
tion, nonlinear optical chromophores of the general formula
(I) have one, two or three diamondoid groups covalently
attached to the structure. In various preferred embodiments
of the present mvention, nonlinear optical chromophores of
the general formula (I) have one, two or three diamondoid
groups covalently attached to the structure, which may all be
bound to the m-bridge. In various preferred embodiments of
the present invention, nonlinear optical chromophores of the
general formula (I) have one, two or three diamondoid
groups covalently attached to the structure, which may be
bound to D, A or the m-bridge. In various preferred embodi-
ments of the present invention, one or more diamondoid
groups 1s covalently attached to D or the m-bridge.

In various preferred embodiments of the present inven-
tion, the at least one diamondoid comprises an adamantyl
group. In various preferred embodiments of the present
invention, the at least one diamondoid comprises a diaman-
tyl group. In various preferred embodiments of the present
invention wherein a nonlinear optical chromophores of the
general formula (I) has up to five diamondoid groups
covalently attached to the structure, and 1n various preferred
embodiments of the present invention all of the diamondoids
can be the same.

Other aspects, features and advantages will be apparent
from the {following disclosure, including the detailed
description, preferred embodiments, and the appended
claims.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

The foregoing summary, as well as the following detailed
description of preferred embodiments of the mvention, will
be better understood when read in conjunction with the
appended drawings. For purposes of illustration the inven-
tion, there are shown 1in the drawings embodiments which
are presently pretferred. It should be understood, however,
that the invention 1s not limited to the precise arrangements
and mstrumentalities shown.

In the drawings:

FIG. 1 1s a graphical depiction of the temporal thermal
stability of a thun film coating prepared using the chro-
mophore of Synthesis Example 1; and

FIG. 2 1s a graphical depiction of the temporal thermal
stability of a thun film coating prepared using the chro-
mophore of Synthesis Example 2.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

As used herein, the singular terms “a” and “the” are
synonymous and used interchangeably with “one or more”
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and ““at least one,” unless the language and/or context clearly
indicates otherwise. Accordingly, for example, reference to
“a polymer” or *“the polymer” herein or in the appended
claims can refer to a single polymer or more than one
polymer. As a further example, and not limited to only
clectron-donating groups, reference to “an electron-donating
group”’ or “the electron-donating group” herein or in the
appended claims can refer to a single electron-donating
group or more than on electron-donating group (e.g., “D”” 1n
any molecular formula herein may represent two or more
clectron-donating groups both bound to the m-bridge). Addi-
tionally, all numerical values, unless otherwise specifically
noted, are understood to be modified by the word *“about.”

As used herein, the term “nonlinear optic chromophore™
(NLOC) refers to molecules or portions of a molecule that
create a nonlinear optic eflect when 1rradiated with light.
The chromophores are any molecular unit whose interaction
with light gives rise to the nonlinear optical effect. The
desired effect may occur at resonant or nonresonant wave-
lengths. The activity of a specific chromophore 1n a nonlin-
car optic maternial 1s stated as 1ts hyper-polarizability, which
1s directly related to the molecular dipole moment of the
chromophore. The various embodiments of NLO chro-
mophores of the present invention are useful structures for
the production of NLO eflects.

The first-order hyperpolarizability (3) 1s one of the most
common and useful NLO properties. Higher-order hyperpo-
larizabilities are useful in other applications such as all-
optical (light-switching-light) applications. To determine 1t a
material, such as a compound or polymer, includes a non-
linear optic chromophore with first-order hyperpolar char-
acter and a suthlicient electro-optic coeflicient (r5;), which 1s
a Tunction of {3, the following test may be performed. First,
the material 1n the form of a thin film 1s placed 1n an electric
field to align the dipoles. This may be performed by sand-
wiching a film of the material between electrodes, such as
indium tin oxide (ITO) substrates, gold films, or silver films,
for example.

To generate a poling electric field, an electric potential 1s
then applied to the electrodes while the material 1s heated to
near its glass transition (1,.) temperature. After a suitable
period of time, the temperature 1s gradually lowered while
maintaining the poling electric field. Alternatively, the mate-
rial can be poled by corona poling method, where an
clectrically charged needle at a suitable distance from the
material film provides the poling electric field. In either
instance, the dipoles 1n the material tend to align with the
field.

The nonlinear optical property of the poled material 1s
then tested as follows. Polarized light, often from a laser, 1s
passed through the poled matenal, then through a polarizing
filter, and to a light intensity detector. If the intensity of light
received at the detector changes as the electric potential
applied to the electrodes 1s varied, the material incorporates
a nonlinear optic chromophore and has an electro-optically
variable refractive imndex. A more detailed discussion of
techniques to measure the electro-optic constants of a poled
film that incorporates nonlinear optic chromophores may be
found 1n Chia-Chi Teng, Measuring Electro-Optic Constants
of a Poled Film, in Nonlinear Optics of Organic Molecules
and Polymers, Chp. 7, 447-49 (Har1 Singh Nalwa & Seizo
Miyata eds., 1997), incorporated by reference 1n its entirety,
except that 1 the event of any inconsistent disclosure or
definition from the present application, the disclosure or
definition herein shall be deemed to prevail.

The relationship between the change 1n applied electric
potential versus the change in the refractive index of the
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material may be represented as i1ts EO coeflicient ry5. This
ellect 1s commonly referred to as an electro-optic, or EO,
cellect. Devices that include materials that change their

refractive index in response to changes 1n an applied electric
potential are called electro-optical (EQ) devices.

The second-order hyperpolarizability (y) or third-order
susceptibility (¥), are the normal measures of third-order
NLO activity. While there are several methods used to
measure these properties, degenerate four-wave mixing

(DFWM) 1s very common. See C. W. Thiel, “For-wave

Mixing and Its Applications,” http://www.physics.mon-
tana.edu.students.thiel.docs/F WMixing.pdi, the entire con-
tents of which are hereby incorporated herein by reference.
Referring to Published U.S. Patent Application No. US
2012/02673583A1, the entire contents of which are incorpo-
rated herein by reference a method of evaluating third-order
NLO properties of thin films, known 1n the art as Degenerate
Four Wave Mixing (DFWM), can be used. In FIG. 4 of US
2012/0267583A1, Beams 1 and 2 are picosecond, coherent
pulses, absorbed by the NLO film deposited on a glass
substrate. Beam 3 1s a weaker, slightly delayed beam at the
same wavelength as Beams 1 and 2. Beam 4 1s the resulting
product of the wave mixing, diflracted ofl of the transient
holographic grating, produced by interferences of beams 1
and 2 m the NLO material of the film. Beam 3 can be a
“control” beam at a telecom wavelength which produces a
“signal” beam at a frequency not absorbed by the NLO
material.

Nonlinear optical chromophores 1n accordance with the
vartous embodiments of the invention have the general
formula (I):

D-mt-A (I)

wherein D represents an organic electron-donating group; A
represents an organic electron-accepting group having an
clectron aflinity greater than the electron athinity of D; and
1 represents a m-bridge between A and D. The terms elec-
tron-donating group (donor or “D”), m-bridge (bridging
group or “m”), and electron-accepting group (acceptor or
“A”), and general synthetic methods for forming D-m-A
chromophores are known 1n the art, for example as described
in U.S. Pat. Nos. 5,670,091, 5,679,763, 6,090,332, and
6,716,993, the entire contents of each of which 1s 1corpo-
rated herein by reference.

An acceptor 1s an atom or group of atoms that has a low
reduction potential, wherein the atom or group of atoms can
accept electrons from a donor through a m-bridge. The
acceptor (A) has a higher electron athinity that does the
donor (D), so that, at least in the absence of an external
clectric field, the chromophore 1s generally polarized 1n the
ground state, with relatively more electron density on the
acceptor (D). Typically, an acceptor group contains at least
one electronegative heteroatom that 1s part of a p1 bond (a
double or triple bond) such that a resonance structure can be
drawn that moves the electron pair of the p1 bond to the
heteroatom and concomitantly decreases the multiplicity of
the p1 bond (1.e., a double bond 1s formally converted to
single bond or a triple bond 1s formally converted to a double
bond) so that the heteroatom gains formal negative charge.
The heteroatom may be part of a heterocyclic ring. Exem-
plary acceptor groups include but are not limited to —NO,,
—CN, —CHO, COR, CO,R, —PO(OR),, —SOR, —SO,R,
and —SO,R where R 1s alkyl, aryl, or heteroaryl. The total
number of heteroatoms and carbons 1n an acceptor group 1s
about 30, and the acceptor group may be substituted further

with alkyl, aryl, and/or heteroaryl.
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Suitable electron-accepting groups “A” (also referred to
in the literature as electron-withdrawing groups) for nonlin-
car optical chromophores 1n accordance with the various

embodiments of the present invention include those

described 1n published U.S. Patent Applications: US 2007/
0260062; US 2007/0260063; US 2008/0009620; US 2008/

0139812; US 2009/0005561; US 2012/0267583A1 (collec-
tively referred to as “the prior publications™), each of which
1s incorporated herein by reference 1n its entirety; and in U.S.

Pat. Nos.: 6,584,266; 6,393,190; 6,448,416; 6,44,830; 6,514,
434, 5,044,725; 4,795,664; 5,247,042; 5,196,509; 4,810,
338; 4,936,645; 4,767,169; 5,326,661; 5,187,234; 5,170,
461; 5,133,037; 5,106,211 and 5,006,285; each of which 1s
also 1ncorporated herein by reference in its entirety.

In various nonlinear optical chromophores 1n accordance
with various preferred embodiments of the present mven-
tion, suitable electron-accepting groups include those
according to general formula (I7):

(1)

wherein R” and R® each independently represents a moiety
selected from the group consisting of H, substituted or
unsubstituted C,-C,, alkyl, substituted or unsubstituted
C,-C,, alkenyl, substituted or unsubstituted C,-C, , alkynyl,
substituted or unsubstituted aryl, substituted or unsubstituted
alkylaryl, substituted or unsubstituted carbocyclic, substi-
tuted or unsubstituted heterocyclic, substituted or unsubsti-

tuted cyclohexyl, and (CH,), —O—(CH,), where n 1s 1-10.
As used herein,

>

represents a point of bonding to another portion of a larger
molecular structure. In various preferred embodiments, one
or both of R* and R° represent a halogen-substituted moiety.
Halogen-substituted may refer to mono-, di-, tri- and higher
degrees of substitution. In various preferred embodiments,
one of R* and R’ represent a halogen-substituted alkyl
moiety and the other represents an aromatic moiety. In
various preferred embodiments, one of R* and R represent
a halogen-substituted aromatic moiety and the other repre-
sents an alkyl moiety. In various preferred embodiments, the
clectron-accepting group can be
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In various preferred embodiments, the electron-accepting
group can be

In various preferred embodiments, the electron-accepting,
group can be

CN.

%
VA

1&,_{ \ CN

CN
A donor includes an atom or group of atoms that has a low
oxidation potential, wherein the atom or group of atoms can

donate electrons to an acceptor “A” through a mt-bridge. The
donor (D) has a lower electron aflinity that does the acceptor
(A), so that, at least in the absence of an external electric
field, the chromophore 1s generally polarized, with relatively
less electron density on the donor (D). Typically, a donor
group contains at least one heteroatom that has a lone pair
of electrons capable of being 1n conjugation with the p-or-
bitals of an atom directly attached to the heteroatom such
that a resonance structure can be drawn that moves the lone
pair of electrons into a bond with the p-orbital of the atom
directly attached to the heteroatom to formally increase the
multiplicity of the bond between the heteroatom and the
atom directly attached to the heteroatom (1.e., a single bond
1s formally converted to double bond, or a double bond 1s
formally converted to a triple bond) so that the heteroatom
gains formal positive charge. The p-orbitals of the atom
directly attached to the heteroatom may be vacant or part of
a multiple bond to another atom other than the heteroatom.
The heteroatom may be a substituent of an atom that has p1
bonds or may be 1n a heterocyclic ring. Exemplary donor
groups include but are not limited to R,N— and, R, X'—,
where R is alkyl, aryl or heteroaryl, X" is O, S, P, Se, or Te,
and n 1s 1 or 2. The total number of heteroatoms and carbons
in a donor group may be about 30, and the donor group may
be substituted further with alkyl, aryl, or heteroaryl.
Suitable electron-donating groups “D” for nonlinear opti-
cal chromophores in accordance with the various embodi-
ments of the present invention include those described in
published U.S. Patent Applications: US 2007/0260062; US
2007/0260063; US 2008/0009620; US 2008/0139812; US
2009/0005561; US 2012/0267583A1 (collectively referred

to as “the prior publications”), each of which 1s incorporated
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herein by reference 1n its entirety; and in U.S. Pat. Nos.
6,584,266; 6,393,190; 6,448,416; 6,44,830; 6,514,434;
5,044,725, 4,795,664; 5,247,042; 5,196,509; 4,810,338;
4,936,645, 4,767,169, 5,326,661; 5,187,234; 5,170,461;
5,133,037; 5,106,211; and 5,006,285; each of which is also
incorporated herein by reference 1n 1ts entirety.

In various preferred embodiments, the electron-donating
groups can include quinolinyl groups which may be substi-
tuted or unsubstituted, including hydro and alkyl substitu-
ents, aryl substituents and combinations thereof. Such qui-
nolinyl groups may have one or more diamondoid groups
covalently attached thereto in accordance with various
embodiments of the present invention. In various preferred
embodiments, the electron-donating groups can include
alkoxyphenyl substituted quinolones such as, for example:

\

/

\

W,

/

~

\_¢
s /Z

¥

or for example, aromatic nitrogen containing groups such as:

\

\%

/
/
B

X
s
)
N
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-continued

/O

A “m-bridge” includes an atom or group of atoms through
which electrons may be delocalized from an electron donor
(defined above) to an electron acceptor (defined above)
through the orbitals of atoms in the bridge. Such groups are
very well known 1n the art. Typically, the orbitals will be
p-orbitals on double (sp*) or triple (sp) bonded carbon atoms
such as those found 1n alkenes, alkynes, neutral or charged
aromatic rings, and neutral or charged heteroaromatic ring
systems. Additionally, the orbitals may be p-orbitals on
atoms such as boron or nitrogen. Additionally, the orbitals
may be p, d or T organometallic orbitals or hybrid organo-
metallic orbitals. The atoms of the bridge that contain the
orbitals through which the electrons are delocalized are
referred to here as the “critical atoms.” The number of
critical atoms 1n a bridge may be a number from 1 to about
30. The critical atoms may be substituted with an organic or
inorganic group. The substituent may be selected with a
view to improving the solubility of the chromophore 1n a
polymer matrix, to enhancing the stability of the chro-
mophore, or for other purpose.

Suitable bridging groups () for nonlinear optical chro-
mophores according to general formula (I) of the present
imnvention iclude those described 1in U.S. Pat. Nos. 6,584,
266; 6,393,190; 6,448,416; 6,44,830; 6,514,434; each of
which 1s also incorporated herein by reference 1n 1ts entirety.

In various preferred embodiments, bridging groups (7t) for
nonlinear optical chromophores according to general for-

mula (I) of the present invention include those of the general
formula (II7):

(I1%)

S LN
WA

O O
N
\ X /

wherein X represents a substituted or unsubstituted,
branched or unbranched C,-C, diyl moiety; wherein each a
and b independently represents an integer of 0 to 3; and z
represents an mteger of 1 to 3. In various embodiments
wherein a or b 1n general formula (I1I%) 1s 1, that carbon-
carbon double bond 1n the formula can be replaced with a
carbon-carbon triple bond. Alternatively, in various pre-
terred embodiments, bridging groups (;t) for nonlinear opti-

cal chromophores according to general formula (I) of the
present invention include those of the general formula (11°):
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(1)
S
\/
O O

\X/

wherein X represents a substituted or unsubstituted,
branched or umnbranched C,-C, diyl moiety. In various
embodiments of the present invention wherein one or more
diamondoid groups 1s covalently attached to a bridging
group according to general formulae 11 or II°, the one or
more diamondoid groups may be bound, for example, to the
sulfur or oxygen atoms of the thiophene group or to one or
mor carbon atoms 1n X through an ether or thioether linkage.

In various preferred embodiments, bridging groups (i) for
nonlinear optical chromophores according to general for-
mula (I) of the present invention include those of the general

formula (II°):

(II°)

wherein each Y independently represents: a diamondoid-
containing group covalently bound to the bridging group
through any of the various linkages described herein below
including but not limited to ether and thioether linkages; or
cach Y may represent a hydrogen, an alkyl group, aryl group,
sulfur or oxygen linked akyl or aryl group, or a branched or
unbranched, optionally heteroatom-containing C,-C, sub-
stituent; wherein each a and b independently represents an
integer of 0 to 3; z represents an integer of 1 to 3; and
wherein each arc A independently represents a substituted or
unsubstituted C,-C, alkyl group, which together with the
carbon bearing the Y substituent and its two adjacent carbon

atoms forms a cyclic group. Substituted or unsubstituted
C,-C, alkyl groups which constitute arc A may include 1 to
4 hydrogen substituents each comprising a moiety selected
from the group consisting of substituted or unsubstituted
C,-C,, alkyl, substituted or unsubstituted C,-C,, alkenyl,
substituted or unsubstituted C,-C,, alkynyl, substituted or
unsubstituted aryl, substituted or unsubstituted alkylaryl,
substituted or unsubstituted carbocyclic, substituted or
unsubstituted heterocyclic, substituted or unsubstituted
cyclohexyl, and (CH,) —O—(CH,) where n 1s 1-10. In
various preferred embodiments, z represents 1. In various
embodiments according to the present invention, the elec-
tron-donating group or electron-accepting group can include
one or more covalently bound diamondoid groups, and Y 1n
general formula II° may represent any of the above substitu-
ents. In certain preferred embodiments, a chromophore may
include an electron-donating group including one or more
covalently linked diamondoid groups, preferably adamantyl,
and the bridging group may include an 1sophorone group 1n
accordance with general formula II° wherein Y represent an
aryl thioether substituent.

In various preferred embodiments, bridging groups (i) for
nonlinear optical chromophores according to general for-
mula (I) of the present invention include those of the general

formula (119):
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(I19)

wherein each Y independently represents: a diamondoid-
containing group covalently bound to the bridging group
through any of the various linkages described herein below
including but not limited to ether and thioether linkages; or
cach Y may represent a hydrogen, an alkyl group, aryl group,
sulfur or oxygen linked akyl or aryl group, an aryl group
(optionally bearing a diamondoid group) linked directly by
a carbon-carbon bond (e.g., adamantly anisole), a halogen,
a halogenated alkyl group, a halogenated arvl group, or a
branched or unbranched, optionally heteroatom-containing,
C,-C, substituent; whereimn each a and b independently
represents an mteger of O to 3; and z represents an integer of
1 to 3. In various embodiments according to the present
invention, the electron-donating group or electron-accepting
group can 1nclude one or more covalently bound diamon-
doid groups, and Y in general formula 11 may represent any
of the above substituents. In certain preferred embodiments,
a chromophore may include an electron-donating group
including one or more covalently linked diamondoid groups,
preferably adamantyl, and the bridging group may include
an isophorone group in accordance with general formula I1¢
wherein Y represent an aryl thioether substituent. In various
embodiments, each of the geminal methyl groups on the
isophorone bridge of the general formula 1I¢ can instead
independently represent a moiety selected from the group
consisting of substituted or unsubstituted C, -C, 5 alkyl, sub-
stituted or unsubstituted C,-C,, alkenyl, substituted or
unsubstituted C,-C,, alkynyl, substituted or unsubstituted
aryl, substituted or unsubstituted alkylaryl, substituted or
unsubstituted carbocyclic, substituted or unsubstituted het-
erocyclic, substituted or unsubstituted cyclohexyl, halogens,
halogenated alkyl groups (e.g., —CF,), halogenated aryls
and heteroaryl groups (e.g., pentafluorothiophenol), and
(CH,),—0O—(CH,) where n1s 1-10.

For example, bridging groups (mt) for nonlinear optical
chromophores according to general formula (I) of the pres-
ent 1nvention can include:

b b
I3 I3
F S
and
= =

CF;
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-continued

Nonlinear optical chromophores according to the various
embodiments of the present invention further include one or
more diamondoids covalently attached to the chromophore.
The one or more diamondoids may be attached to the
clectron donating group, electron accepting group and/or
n-bridge, and may be covalently bonded to the wvarious
chromophores at the 1-position or 2-position of the diamon-
doid. The one or more diamondoids generally extend out-

ward from the chromophore and create steric hindrance (1.¢.,
“spacing”) between two or more of the chromophore mol-
ecules 1n a matenal containing the chromophores, and thus
serve to prevent aggregation during and after poling.

Diamondoids suitable for use 1n the various embodiments
of the present invention include adamantane (C,.H, ).
iceane (C,.H,y), diamantane (C, H,,), triamantane
(C,H,.), 1sotetramantane (C,,H,.), pentamantane (C,H;,
and C,.H,,), cyclohexamantane (C,.H,,), super-adaman-
tane (C,,H,). Suitable diamondoids can be prepared syn-
thetically, obtained commercially and also obtained from
refinement of petroleum sources. For example, suitable
diamondoid reagents for the addition of diamondoid groups
to various chromophores, such as adamantyl thiol and ada-
mantol, can be obtained commercially from suppliers such
as Sigma-Aldrich. Synthetic routes for various diamondoids
can also be found 1n the literature, for example, diamantane
synthesis 1s described 1n Gund, T., et al., “Diamantane. I.
Preparation of diamantane. Physical and spectral proper-
ties,” J. Orc. CHEM. 39 (20):2979-29877, Oct. 1, 1974, the
entire contents of which are incorporated herein by refer-
ence.

In various preferred embodiments of nonlinear optical
chromophores 1n accordance herewith, diamondoid substitu-
ents comprise adamantyl and diamantyl groups, which may
be covalently bonded to the various chromophores at the
1-position or 2-position, as represented by the following

S H

o
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Thus, nonlinear optical chromophores 1n accordance here-
with may include one or more such adamantyl and/or
diamantyl groups covalently attached to the chromophore.
Diamondoid groups may be covalently attached to chro-
mophores 1n accordance with various embodiments of the
present invention, for example, through ether linkages,
thioether linkages, carbon-carbon bonds to aromatic moiety
bearing the one or more diamondoids, and similar groups.
For example, adamantyl groups can be added via nucleo-
philic substitution reactions of adamantyl alcohols or thiols
with epoxide groups.

The present invention also includes nonlinear optical
materials comprising a nonlinear optic chromophore accord-
ing to an embodiment of the invention incorporated within
a matrix material, as well as blends of two or more chro-
mophores, and neat films of the chromophore alone (par-
ticularly 1n instances where the chromophore 1s amorphous).
Suitable matrix materials can include polymers, such as, for
example: poly(methylmethacrylate)s (PMMA); polyimides;
polyamic acid; polystyrenes; poly(urethane)s (PU); and
amorphous polycarbonates (APC). In various embodiments
the matrix material can comprise a poly(methylmethacry-
late), for example having a molecular weight of about
120,000 and a glass transition temperature Tg of about
85-165° C., or an APC having a Tg of about 150-220° C.

The nonlinear optic chromophore according to an
embodiment of the invention 1s generally incorporated
within the matrix material at a loading of 1% to 50% by
weight, based on the entire nonlinear optical material, more
preferably at a loading of 2% to 35% by weight, and most
preferably at a loading of 3% to 35% by weight. Nonlinear
optical materials 1n accordance with various embodiments of
the mnvention can be 1n the form of solid thin films, option-
ally disposed on a surface of another material. In general,
nonlinear optical materials according to the present inven-
tion include all existing known forms of such materials, but
wherein the optical chromophore incorporated within the
matrix material comprises a nonlinear optic chromophore
according to an embodiment of the invention described
herein.

The present invention also relates to electro-optic devices
comprising a nonlinear optical matenal according to various
embodiments of the present invention. Electro-optic device
and/or system embodiments of the present invention include
phased array radar, satellite and fiber telecommunications,
cable television (CATV), optical gyroscopes for application
in aerial and missile guidance, electronic counter measure
systems (ECM) systems, backplane interconnects for high-
speed computation, ultrafast analog-to-digital conversion,
land mine detection, radio frequency photonics, spatial light
modulation and all-optical (light-switching-light) signal pro-
cessing, wherein such devices include a nonlinear optical
material according to the present invention. Moreover, the
extremely broad absorption spectrum of nonlinear optic
chromophores according to the present invention, which
essentially covers the entire UV-visible-near infrared region
from 250 nm to 1800 nm at high extinction coeflicient,
indicates that nonlinear optical materials according to vari-
ous embodiments of the present invention can also be used
in solar conversion and photovoltaic devices.

One preferred electro-optic device embodiment according,
to the present mvention includes electro-optic modulators
for telecommunications, wherein the modulator comprises a
nonlinear optical material according to the present inven-
tion. Another preferred device 1s an all-optical device. Such
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a device can be used for optical switching, parametric
amplification and other all-optical applications of the third-
order hyperpolarizability.

Various preferred chromophores in accordance with
embodiments of the present invention include:

o

F;C Ph ‘

CN
NC

CN

CN



CN

15

-continued

US 11,921,401 B2

o
|
N

‘ :

CN

@
&

15

20

25

30

35

40

45

50

60

65

-continued

L

N
/ CN

CN

NC

Cl

2,

N
/ CN

CN

CN

16

\N
avif

Cl

\N
Y.C



US 11,921,401 B2

17 18

-continued -continued

Cl

CN
CN
30 _O
\O
SN I 35
0 CN
40

45 ‘
CF; ‘

50

N NC /f -
P O) :

cl O  CN

SR CAR S ‘
CN

\N U

O

Cl O CN The 1nvention will now be described 1n turther detail with

reference to the following non-limiting example.
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60 Synthesis Example 1

Preparation of 2-[4-[(E,3E)-3-[2-(1-adamantylsulfanyl)-
3-[(E)-2-[1-(4-methoxyphenyl)-2,2.4,7-tetramethyl-3,4-d1-
hydroquinolin-6-yl]vinyl]-5,5-dimethyl-cyclohex-2-en-1-

65 ylidene]prop-1-enyl]-3-cyano-5-phenyl-5-
(trifluoromethyl)-2-turylidene Jpropanedinitrile 1s detailed

herein.
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Example 1a

Synthesis of 1-(4-methoxyphenyl)-2,2,4,7-tetram-
cthyl-3.,4-dihydroquinoline

~

¢

0

7z

he
N

A solution of 2,2.4,7-tetramethyl-3,4-dihydro-1H-quino-
line (10.0 g, 0.0528 mol) and 1-bromo-4-methoxy-benzene
(83.0%, 11.9 g, 0.0528 mol) i toluene (35.0 mL) was

sparged with N, then treated with potassium tert-butoxide
(7.71 g, 0.0687 mol), PA(OAc), (0.593 g, 0.00264 mol), and

tri-tert-butylphosphine (1.07 g, 0.00528 mol) The flask was
fitted with a condenser, and a nitrogen line was inserted. The
reaction mixture was heated to 111° C. for 64 hr.

The reaction mixture was diluted with MeOH then con-
centrated. The residue was taken up in dichloromethane
(“DCM”), then the solids were removed by vacuum filtra-
tion. The filtrate was washed sequentially with water and
brine, then the organics were dried over MgSQO,, filtered,
and concentrated. The crude material was purified by nor-
mal-phase (“NP”) chromatography (0-50% FEtOAc 1in
hexanes). The product fractions were concentrated to afford
1-(4-methoxyphenyl)-2,2,4,7-tetramethyl-3,4-dihydroqui-
noline (94.0%, 14.5 g, 0.0461 mol, yield: 87.3%) as an
amber syrup.

Example 1b

Synthesis of 1-(4-methoxyphenyl)-2,2,4,7-tetram-
ethyl-3,4-dihydroquinoline-6-carbaldehyde

\

>,

4

<

A solution of 1-(4-methoxyphenyl)-2,2.4,7-tetramethyl-3,
4-dihydroquinoline (94.0%, 10.9 g, 0.0346 mol) in DMF
(30.0 mL) was sparged with N, and cooled in an 1ce bath.
POCI, (7.92 mL, 0.0865 mol) was added slowly via syringe.
The mixture stirred on 1ce for 2 hr, at which time LCMS
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analysis indicated full conversion to the Vilsmeiler adduct
(m/z 351) and the aldehyde. The reaction was quenched by
addition of water and diluted with DCM, which was stirred
at room temp for 16 hr.

The reaction mixture was extracted with DCM, then the
pooled organics were washed with water, dried through a
phase separation paper, and concentrated. The crude mate-
rial was purified by NP chromatography (0-50% EtOAc 1n
hexanes). The product fractions were concentrated to afford
1 -(4-methoxyphenyl)-2,2.4,7-tetramethyl-3,4-dihydroqui-
noline-6-carbaldehyde (10.6 g, 0.0326 mol, yield: 94.3%) as
a pale yellow powder.

Example 1c

Synthesis of 2-(1-adamantylsulfanyl)-3,5,5-trim-
ethyl-cyclohex-2-en-1-one

A solution of sodium ethoxide (21.0%, 23.6 mL, 0.0632
mol) 1n ethanol (200 mL) was sparged with N, then treated
with adamantane-1-thiol (95.0%, 44.8 g, 0.253 mol). The
mixture was stirred at room temp under N, for 10 min, then
4.4, 6-trimethyl-7-oxabicyclo[4.1.0]heptan-2-one (39.0 g,
0.253 mol) was added. The flask was capped, and the
mixture continued to stir at room temperature. After 10 min,
reaction mixture was quenched with water, then the solid
precipitate was 1solated and dried by vacuum filtration to
give 2-(1-adamantylsulfanyl)-3,5,5-trimethyl-cyclohex-2-
en-1-one (73.9 g, 0.243 mol, yield: 95.9%) as an ofl-white
solid.

Example 1d

Synthesis of 2-(1-adamantylsulfanyl)-3-[(E)-2-[1-(4-
methoxyphenyl)-3,4-dihydro-2H-quinolin-6-yl]vi-
nyl]-3,5-dimethyl-cyclohex-2-en-1-one.

\

/
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A 100 mL round-bottom tlask was charged with ethanol
(8.00 mL) and sparged with N,. To this was added 1-(4-
methoxyphenyl)-2,2.4,7-tetramethyl-3,4-dihydroquinoline-
6-carbaldehyde (5.00 g, 0.0155 mol), 2-(1-adamantylsulia-
nyl)-3,5,5-trimethyl-cyclohex-2-en-1-one (4.94 g, 0.0162
mol), lithium ethoxide (95.0%, 0.212 g, 0.00386 mol), and
piperidine (1.53 mL, 0.0155 mol). The flask was sealed with
a septum, an N, line was inserted, and the mixture was
stirred at 70° C. for 64 hr.

The reaction mixture was diluted with MeOH and cooled
in the —-20° C. freezer, then the orange solids were 1solated
by vacuum filtration. The material was recrystallized from
10:1 MeOH/H, O, and the resultant solids were 1solated and
dried by vacuum filtration to afford 2-(1-adamantylsulia-
nyl)-3-[(E)-2-[1-(4-methoxyphenyl)-2,2.4,7-tetramethyl-3,
4-dihydroquinolin-6-yl]vinyl]-5,35-dimethyl-cyclohex-2-en-
1-one (99.0%, 7.09 g, 0.0115 mol, yield: 74.4%) as a bright
orange powder.

Example le

Synthesis of (2E)-2-[2-(1-adamantylsulfanyl)-3-

[(E)-2-[1-(4-methoxyphenyl)-2,2.4,7-tetramethyl-3,

4-dihydroquinolin-6-yl]vinyl]-5,5-dimethyl-cyclo-
hex-2-en-1-ylidene]acetonitrile

eV

N

/

\

/

\
-

CN/

A 500 mL round bottom flask was dried with a heat gun
then sparged with N,. Then acetonitrile (3.36 mL, 0.0644
mol) mm 99 mL of THF was added, and the mixture was
cooled to —=78° C. n-Bul.1 (2.50 M, 25.4 mL, 0.0636 mol)
was then added dropwise over the course of ~10 min, and the
mixture was allowed to stir at the same temp under N, for
10 min (the mixture turned opaque cloudy white). The flask
was then placed 1 a 2-8° C. refrigerator for 30 minutes. The
sealed flask was then placed back 1n the dry 1ce/acetone bath,
an N, line was inserted, and 2-(1-adamantylsulfanyl)-3-[(E)-
2-[1-(4-methoxyphenyl)-2,2.4,7-tetramethyl-3,4-dihydro-
quinolin-6-yl]vinyl]-5,5-dimethyl-cyclohex-2-en-1-one
(97.0%, 5.00 g, 0.00795 mol—dried under high vacuum) 1n
an additional 34 mL of THF (sparged w/N2 and sonicated to
ensure all solids dissolved) was added dropwise via syringe
through the septum. After 3 hours, the reaction was
quenched by addition of water and warmed to room temp
then extracted into EtOAc. The pooled organics were dried
over anhyd MgSQO,, filtered, and concentrated. The foamy
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orange residue was taken up 1mn 20 mL of AcOH, then the
tflask was sealed with a septum, and the mixture was stirred

at 70° C. for 16 hr.

The reaction mixture was diluted with DCM and washed
with saturated aqueous bicarbonate. The aqueous phase was
extracted with additional DCM, then the pooled organics
were washed with additional saturated aqueous bicarbonate.
The pooled organics were dried through a phase separation
paper and concentrated. The material was eluted through a
silica gel plug with DCM. The filtrate was concentrated to
afford (2E)-2-[2-(1-adamantylsulfanyl)-3-[(E)-2-[1-(4-
methoxyphenyl)-2,2,4,7-tetramethyl-3,4-dihydroquinolin-
6-yl]vinyl]-5,5-dimethyl-cyclohex-2-en-1-ylidene]acetoni-
trile (95.5%, 4.78 g, 0.00721 mol, yield: 90.7%) as a foamy
red solid.

Example 11

Synthesis of (2E)-2-[2-(1-adamantylsulfanyl)-3-

[(E)-2-[1-(4-methoxyphenyl)-2,2.,4,7-tetramethyl-3,

4-dihydroquinolin-6-yl]vinyl]-5,5-dimethyl-cyclo-
hex-2-en-1-ylidene]acetaldehyde

10

O

A solution of (2E)-2-[2-(1-adamantylsulfanyl)-3-[(E)-2-
[1-(4-methoxyphenyl)-2,2.4,7-tetramethyl-3,4-dihydroqui-
nolin-6-vl]vinyl]-5,5-dimethyl-cyclohex-2-en-1-ylidene]ac-
ctonitrile (93.0%, 17.3 g, 0.0255 mol) in 55 mL of DCM was
sparged with N,, cooled in an 1ce bath, and treated with
dropwise addition of disobutyl aluminum hydrde
(“DIBAL”) (1.00 M, 38.2 mlL, 0.0382 mol). The mixture

was stirred at room temp for 15 minutes.

The reaction mixture was quenched by addition of sodium
sulfate decahydrate until gas evolution had ceased. The
mixture was then adsorbed onto silica gel and purified by NP
chromatography (100% DCM). The product fractions were
concentrated to afford (2E)-2-[2-(1-adamantylsulfanyl)-3-
[(E)-2-[1-(4-methoxyphenyl)-2,2.4.7-tetramethyl-3,4-dihy-
droquinolin-6-yl]vinyl]-3,5-dimethyl-cyclohex-2-en-1-
ylidene]acetaldehyde (10.4 g, 0.0164 mol, yield: 79.8%) as
a dark red-black solid.
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Example 1g

Synthesis of 2-[4-[(E,3E)-3-[2-(1-adamantylsulia-
nyl)-3-[(E)-2-[1-(4-methoxyphenyl)-2,2.4,7-tetram-
cthyl-3,4-dihydroquinolin-6-yl]vinyl]-3,5-dimethyl-

cyclohex-2-en-1-ylidene|prop-1-enyl]-3-cyano-5-

phenyl-5-(trifluoromethyl)-2-turylidene]
propanedinitrile

Clhj Dh

\N
aas

\

\ ]

/ CN

CN

CN

A round bottom flask containing (2E)-2-[2-(1-adaman-
tylsultanyl)-3-[(E)-2-[1-(4-methoxyphenyl)-2,2,4,7-tetram-
cthyl-3,4-dihydroquinolin-6-yl]vinyl]-3,5-dimethyl-cyclo-
hex-2-en-1-ylidene]acetaldehyde (96.0%, 9.52 g, 0.0144
mol) and 2-[3-cyano-4-methyl-5-phenyl-3-(trifluorom-
cthyl)-2-furylidene]propanedinitrile (4.99 g, 0.0158 mol)
was diluted with 1-propanol (50.0 mL). The mixture was
sparged with N,, and the flask was covered with foil to
climinate all light. The flask was sealed with a septum, an N,
line was inserted, and the mixture was stirred at 66° C. for
45 min. The mixture was cooled to room temperature, and
the solids were 1solated by filtration. The solids were puri-
fied by NP chromatography (the prefilled cartridge was
prepped by eluting 25 mL of DCM with 0.5 mL of ethyl-
amine prior to loading the product). The product fractions
were concentrated, then the residue was recrystallized from
DCM/MeOH. The solids were then triturated with ethyl
cther and drnied to afford 2-[4-[(E,3E)-3-[2-(1-adamantylsul-
tanyl)-3-[(E)-2-[1-(4-methoxyphenyl)-2,2,4,7-tetramethyl-
3,4-dihydroquinolin-6-yl]vinyl]-35,5-dimethyl-cyclohex-2-
en-1-ylidene]prop-1-enyl]-3-cyano-3-phenyl-5-
(trifluoromethyl)-2-turylidene |Jpropanedinitrile  (6.93
0.00743 mol, yield: 51.7%) as a coppery red powder.

Liquid chromatography/mass spectroscopy (LCMS)
analysis of the liguid indicated nearly full conversion to the
desired product. The mixture was cooled to room tempera-
ture, and then cooled 1n a =20° C. freezer for 20 min. The
solids were collected.

The solids were taken up 1n dichloromethane and filtered
through a pad of silica gel, eluting with dichloromethane.
Fractions 2, 3, 4 and 5 were concentrated separately and

analyzed.
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All four fractions were between 90 and 96% pure, so they
were combined and recrystallized from a dichloromethane/
methanol mixture by slow evaporation of the dichlorometh-
ane. LCMS analysis of the solids obtained from recrystal-
lization showed ~94% purity. The solids were then soaked 1n
diethyl ether, filtered, and dried under high vacuum to afiord
2-14-[(E,3E)-3-[2-(1-adamantylsulfanyl)-3-[ (E)-2-[1-(4-
methoxyphenyl)-2,2,4,7-tetramethyl-3,4-dihydroquinolin-
6-yl]vinyl]-5,5-dimethyl-cyclohex-2-en-1-ylidene]prop-1-
enyl]-3-cyano-5-phenyl-3-(trifluoromethyl)-2-furylidene]
propanedinitrile (0.0400 g, 4.29¢-5 mol, yield: 6.98%).

LCMS analysis: 99.6% purity. m/z 932.46, M+H

"H NMR (500 MHz, Solvent) 8 ppm 8.22 (dd, J=40.09,
11.46 Hz, 1 H) 7.71-8.10 (m, 1 H) 7.61-7.70 (m, 2 H) 7.51
(br s, 5 H) 7.24 (br dd, J=16.04, 8.02 Hz, 1 H) 7.02 (br d,
J=7.45 Hz, 2 H) 6.92-6.99 (m, 2 H) 6.50 (dd, J=34.94, 16.04
Hz, 1H)5.72 (s, 1 H)3.83 (s, 3 H) 3.09 (brdd, J=12.03, 5.73
Hz, 1 H) 2.62-2.75 (m, 1 H) 2.49 (br dd, J=17.477, 4.87 Hz,
1 H)2.32-242 (m, 2 H) 2.12 (s, 3 H) 1.96 (br s, 3 H) 1.89
(dd, J=13.75, 630 Hz, 1 H) 1.84 (br s, 6 H) 1.61 (br d,
J=1432 Hz, 7H)1.43 (d, J=6.30 Hz, 3 H) 1.28 (s, 3 H) 1.03
(br s, 3 H) 1.00 (br d, J=5.15 Hz, 3 H) 0.83-0.97 (m, 3 H).

Temporal Stability of Product of Synthesis Example 1:
The chromophore of Synthesis Example 1 had a glass
transition temperature of about 152° C. Thin films, having a
thickness of 1-2um, prepared by dissolving the chromophore
of Synthesis Example 1 (35 wt %) 1n 1,1,2 trichloroethane
(10% solids) and spin-coating I'TO coated glass substrates at
2000 rpm were prepared. The solvent was removed under
vacuum at 80° C. for 16 hrs. Gold pads (50 nm) were
sputtered on the film to create the top electrode. These
simple devices were then poled at 155° C. and 100V/um
under nmitrogen for 60s and cooled with the field on to
preserve the poled state. Initial measurements of the electro-
optic coethicient (r33) were made, and the samples were
stored 1n an oven at 85° C. and re-measured periodically.
The results are set forth below 1n Table 1 and are depicted
graphically in FIG. 1. As can be seen from the data in Table
1 and FIG. 1, the electro-optical performance of thin films
prepared using a chromophore according to an embodiment
of the present invention exhibit significant, long-term ther-
mal stability.

TABLE 1

Temporal Stability of Synthesis Example 1 Thin
Films (r;3 remaining after storage at 85° C.)

Time (Hours) r33 Remaining (%o)

0 100
64 91.4
398 90.8
704 89.8

Synthesis Example 2

Preparation of 2-[4-[(E,3E)-3-[3-[(E)-2-[1-[3-(]1-adaman-
tyl)-4-methoxy-phenyl]-2,2.4,7-tetramethyl-3,4-dihydro-
quinolin-6-yl]vinyl]-5,5-dimethyl-2-phenylsulfanyl-cyclo-
hex-2-en-1-ylidene]prop-1-enyl]-3-cyano-3-(4-
phenylphenyl)-5-(trifluoromethyl)-2-furylidene]
propanedinitrile 1s detailed herein.
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Example 2a

Synthesis of 1-[3-(1-adamantyl)-4-methoxy-phe-
nyl]-2,2.4,7-tetramethyl-3,4-dihydroquinoline

7\

A solution of 2,2.,4,7-tetramethyl-3,4-dihydro-1H-quino-
line (24.5 g, 0.129 mol) and 1-(5-bromo-2-methoxy-phenyl)
adamantane (97.0%, 50.0 g, 0.151 mol) 1n 70 mL of toluene

was sparged with N, then treated with sodium tert-butoxide
(16.2 g, 0.168 mol), PA(OAc), (1.45 g, 0.00647 mol), and

tri-tert-butylphosphine (2.62 g, 0.0129 mol). The flask was
fitted with a condenser, and a nitrogen line was inserted. The
reaction mixture was heated to 111° C. for 60 hr.

The reaction mixture was diluted with DCM, then the
solids were removed by vacuum filtration. The filtrate was
purified by NP chromatography (50% DCM 1n hexanes-
1socratic eluent). The product fractions were concentrated to
give a highly impure product. The solids were dissolved 1n
500 mL of DCM which sat at room temperature for 16 hr.
The DCM volume was reduced to ~200 mlL., then methanol
was added. The mixture was stirred until solids began to
form. Tan solids precipitated out of the mixture. These solids
were 1solated and dried by vacuum filtration to give the
product 1 87% purity. The solids were then soaked in
methanol for 1 hr at room temperature then re-1solated and
dried to aflord 1-[3-(1-adamantyl)-4-methoxy-phenyl]-2,2,
4] -tetramethyl-3,4-dihydroquinoline  (92.0%, 39.8 g,
0.0852 mol, vield: 65.8%) as a yellowish-tan solid.

Example 2b

Synthesis of 1-[3-(1-adamantyl)-4-methoxy-phe-
nyl]-2,2.4,7-tetramethyl-3,4-dihydroquinoline-6-
carbaldehyde

7\

/
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A solution of N ,N-dimethylformamide (18.0 mL, 0.232

mol) 1n dichloromethane (50 mL) was sparged with N, and
cooled on 1ice. Then POCI, (9.35 mL, 0.102 mol) was added,
and the mixture was stirred at the same temp for ~30 min,
until the solution turned a pale pink color. Then 1-[3-(1-
adamantyl)-4-methoxy-phenyl ]-2,2.4,7-tetramethyl-3,4-di-
hydrogquinoline (92.0%, 21.7 g, 0.0464 mol), 1n an additional
50 mL of DCM, was added slowly. The mixture was stirred
20 min then quenched by slow addition of 10% aqueous
Na,CO; and this was stirred vigorously for 16 hr.

The aqueous and organic layers were separated, then the
aqueous was extracted with additional DCM. The pooled
organics were dried through a phase separation paper and
purified by NP chromatography (0-50% ethyl acetate in

hexanes). The product fractions were concentrated to afford
1-[3-(1-adamantyl)-4-methoxy-phenyl 1-2,2,4,7-tetram-
cthyl-3,4-dihydroquinoline-6-carbaldehyde (97.5%, 15.3 g,
0.0326 mol, yield: 70.2%) as a pale yellow solid.

Example 2c¢

Synthesis of 3,5,5-trimethyl-2-phenylsulfanyl-cyclo-
hex-2-en-1-one

®
N

A solution of benzenethiol (10.1 mlL, 0.106 mol) 1n
cthanol (75.0 mL) was treated with sodium ethoxide (21.0%,
7.50 mL, 0.0201 mol). The mixture was stirred
temperature for 20 min, then 4,4,6-trimethyl-7-oxabicyclo
[4.1.0]heptan-2-one (15.5 g, 0.101 mol) was added dropwise
over the course of ~20 min. Halfway through the addition,

at room

the reaction tlask was placed on ice to try to mitigate the
exotherm. LCMS analysis immediately after full addition of
1sophorone indicated full conversion to desired product.

The reaction mixture was diluted with DCM and concen-
trated. The residue was then purified by NP chromatography
(0-50% ethyl acetate 1n hexanes). The appropnate fractions

were concentrated to afford 3,5,5-trimethyl-2-phenylsulia-
nyl-cyclohex-2-en-1-one (92.6%, 24.5 g, 0.0923 mol, yield:
91.8%) as a yellow syrup that quickly solidified as 1t cooled.
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Example 2d

Synthesis of 3-[(E)-2-[1-[3-(1-adamantyl)-4-
methoxy-phenyl]-2,2,4,7-tetramethyl-3,4-dihydro-
quinolin-6-yl]vinyl]-5,5-dimethyl-2-phenylsulfanyl-
cyclohex-2-en-1-one

\

/

A mixture of 1-[3-(1-adamantyl)-4-methoxy-phenyl]-2,2,

4.7 -tetramethyl-3,4-dihydroquinoline-6-carbaldehyde
(97.5%, 15.3 g, 0.0326 mol) 1 ethanol (25.0 mL) was
sparged with N,. To this was added 3,5,35-trimethyl-2-phe-
nylsulfanyl-cyclohex-2-en-1-one (10.4 g, 0.0423 mol),
lithium ethoxide (95.0%, 0.446 g, 0.00815 mol), and pip-
eridine (3.22 mL, 0.0326 mol). The flask was sealed with a
septum, and the mixture was stirred at 70° C. for 60 hr.

The mixture was cooled to room temperature then diluted
with 50% MeOH/H,O and cooled 1n 2-8° C. refrigerator.

Some red solids were 1solated by vacuum filtration. The

material was recrystallized from 50% MeOH/H,O, and the
resultant solids were 1solated and dried by vacuum filtration.
The solids were then adsorbed onto silica gel and purified by
NP chromatography (100% DCM). The appropriate frac-
tions were concentrated to afford 3-[(E)-2-[1-[3-(1-adaman-
tyl)-4-methoxy-phenyl]-2,2.4,7-tetramethyl-3,4-dihydro-
quinolin-6-yl]vinyl]-5,5-dimethyl-2-phenylsulfanyl-
cyclohex-2-en-1-one (81.0%, 23.9 g, 0.0282 mol, yield:
86.6%) as bright red-orange flakes.
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Example 2e¢

Synthesis of (2E)-2-[3-[(E)-2-[1-[3-(1-adamanty])-

4-methoxy-phenyl ]-2,2.4,7-tetramethyl-3,4-dihyd-

roquinolin-6-yl]vinyl]-35,5-dimethyl-2-phenylsulia-
nyl-cyclohex-2-en-1-ylidene]acetonitrile

e

e

0

Z

b
N

=

)

\
Q

A solution of sodium hydrnide (60.0%, 4.06 g, 0.102 mol)
in THF (100 mL) was sparged with N, at room temperature.
Diethyl cyanomethylphosphonate (98.0%, 16.8 mL, 0.102

mol) was then added dropwise (with significant gas evolu-

tion), and the mixture was stirred under N, atmosphere at
room temperature until 1t became transparent (~20 min).
3-[(E)-2-[1-[3-(1-adamantyl)-4-methoxy-phenyl]-2,2,4,7-
tetramethyl-3,4-dihydroquinolin-6-yljvinyl]-5,5-dimethyl-
2-phenylsulfanyl-cyclohex-2-en-1-one (81.0%, 21.5 g,
0.0254 mol), 1n an additional 50 mL of THF, was added, the

flask was fitted with a condenser, and the mixture was stirred

at reflux 16 hours.

The reaction mixture was concentrated, then the residue
was purified by NP chromatography (50-100% DCM in

hexanes). The appropriate fractions were concentrated to

afford the product with only 77% purity. The material was
taken up 1n a minimal volume of DCM. To this was added
MeOH. A gentle N, stream was applied to the solution to
tacilitate evaporation of DCM. At first, the product seemed

to come out of solution as a dark viscous mass. Then as more
DCM evaporated, a bright orange solid precipitated out.

After ~15-20 minutes, the solids were 1solated and dried by
vacuum filtration to afford (2E)-2-[3-[(E)-2-[1-[3-(1-ada-
mantyl)-4-methoxy-phenyl]-2,2.4,7-tetramethyl-3,4-dihyd-

roquinolin-6-yl]vinyl]-3,5-dimethyl-2-phenylsulfanyl-cy-
clohex-2-en-1-ylidene]acetonitrile (93.0%, 15.8 g, 0.0207
mol, yield: 81.6%) as a bright orange solid.
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Example 21

Synthesis of (2E)-2-[3-[(E)-2-[1-[3-(1-adamantyl)-

4-methoxy-phenyl |-2,2,4,7-tetramethyl-3,4-dihyd-

roquinolin-6-yl]vinyl]-5,5-dimethyl-2-phenylsulia-
nyl-cyclohex-2-en-1-ylidene]acetaldehyde

A solution of (2E)-2-[3-[(E)-2-[1-[3-(1-adamantyl)-4-
methoxy-phenyl]-2,2,4,7-tetramethyl-3,4-dihydroquinolin-

6-yl|vinyl]-5,5-dimethyl-2-phenylsulfanyl-cyclohex-2-en-
1-ylidene]acetonitrile (93.0%, 15.8 g, 0.0207 mol) 1 30.0
mL of DCM was sparged with N, and treated with dropwise
addition of DIBAL (1.00 M, 22.8 mL, 0.0228 mol). The
mixture was stirred at room temperature—aftter 15 minutes,
LCMS 1ndicated only ~26% conversion of starting material
to the imine and aldehyde. An additional 15 mL of DIBAL
was added, and the mixture stirred 16 hr.

The reaction mixture was then quenched by addition of

sodium sulfate decahydrate until gas evolution had ceased.
The mixture was then adsorbed onto silica gel and purified
by NP chromatography (75-100% DCM 1n hexanes). The
product fractions were concentrated, and LCMS analysis
indicated full hydrolysis to the aldehyde with ~95% purity.
The solids were then recrystallized from DCM/MeOH to
afford (2E)-2-[3-[(E)-2-[1-[3-(1-adamanty])-4-methoxy-
phenyl]-2,2.4,7-tetramethyl-3,4-dihydroquinolin-6-yl]vi-

nyl]-3,5-dimethyl-2-phenylsulfanyl-cyclohex-2-en-1-
ylidene]acetaldehyde (95.0%, 12.7 g, 0.0169 mol, yield:
81.5%) as a deep red solid.
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Example 21

Synthesis of 2-[4-[(E,3E)-3-[3-[(E)-2-[1-[3-(1-ada-
mantyl)-4-methoxy-phenyl ]-2,2.4,7-tetramethyl-3,
4-dihydroquinolin-6-yl]vinyl]-5,5-dimethyl-2-phe-
nylsulfanyl-cyclohex-2-en-1-ylidene|prop-1-enyl]-3-
cyano-5-(4-phenylphenyl)-5-(trifluoromethyl)-2-
furylidene]propanedinitrile.

\N
C

o U

. CFg‘

\
/ CN

CN

CN

A round bottom flask containing (2E)-2-[3-[(E)-2-[1-[3-
(1-adamantyl)-4-methoxy-phenyl ]-2,2.,4,7-tetramethyl-3,4-
dihydroquinolin-6-yl]vinyl]-3,5-dimethyl-2-phenylsulia-
nyl-cyclohex-2-en-1-ylidene]acetaldehyde (95.0%, 12.7 g,
0.0169 mol) and 2-[3-cyano-4-methyl-3-(4-phenylphenyl)-
S-(trifluoromethyl)-2-turylidene|propanedinitrile (7.27 g,
0.0186 mol) was diluted with 1-propanol (40.0 mL). The
mixture was sparged with N, and the flask was covered with
fo1l to eliminate all light. The flask was sealed with a
septum, an N, line was 1nserted, and the mixture was stirred
at 65° C. for 24 hr. An additional 0.1 eq of acceptor was
added to the mixture, then the mixture was cooled to room
temperature, and the mixture stirred at this temperature for
60 hr. The heat was then increased to 70° C., an additional
0.1 eq of acceptor was added, and the mixture stirred 1.5 hr.
The mixture was cooled to room temperature, then further
cooled 1n a 2-8° C. refrigerator.

The solids were then 1solated by filtration. The solids were
collected and dissolved 1n DCM. About half of the material
was used to test purification conditions. Three ground-glass
tritted tunnels were prepared with slurries of different chro-
matography media: neutral Al,O;, basic Al,O,, and S10,
(prepared with ~1 mL of NEt;). About 3 of the DCM
solution that was set aside for testing was eluted through
each of the three media. After full elution, TLC and LCMS
analyses were performed. It appeared that S10, was superior
in removing baseline material. The eluted matenial was
combined and concentrated. The material was dissolved 1n a
minimal amount of DCM (to make a thick syrup), then
MeOH was added. The mixture was cooled 1n the refrigera-
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tor for 1 hr, then the solids were collected by vacuum
filtration. This procedure was performed five more times
until that portion had attained >99% purity. The remaining,
half of the original matenial was split into two more portions,

and the same purification procedures were performed.

The solids from all batches were combined and collected
by vacuum filtration to afford 2-[4-[(E,3E)-3-[3-[(E)-2-]1-
|3-(1-adamantyl)-4-methoxy-phenyl]-2,2,4,7-tetramethyl-3,
4-dihydroquinolin-6-yl]vinyl]-5,35-dimethyl-2-phenylsulfa-
nyl-cyclohex-2-en-1-ylidene|prop-1-enyl]-3-cyano-35-(4-
phenylphenyl)-3-(trifluoromethyl)-2-furylidene]
propanedimtrile (7.68 g, 0.00708 mol, vyield: 41.9%) as a
black powder.

"HNMR (500 MHz, ACETONE-d6) 8 ppm 7.98-8.12 (m,
1 H) 7.84-7.93 (m, 3 H) 7.79 (d, J=8.59 Hz, 2 H) 7.71 (d,
I=7.45 Hz, 2 H) 7.54 (d, ]=12.03 Hz, 1 H) 7.38-7.51 (m, 4
H) 7.20-7.25 (m, 2 H) 7.153-7.19 (m, 2 H) 7.06-7.11 (m, 1 H)
7.02-7.06 (m, 1 H) 6.87-6.98 (m, 2 H) 6.69 (br d, ]=14.32
Hz, 1 H) 5.67 (s, 1 H)3.89 (d, J=2.86 Hz, 3 H) 2.92-3.06 (m.,
1 H) 2.79 (br s, 4 H) 2.75 (s, 2 H) 2.48-2.60 (m, 1 H)
2.38-2.47 (m, 1 H) 2.03-2.12 (m, 9 H) 1.91 (dd, I=13.17,
5.15Hz, 1 H) 1.74 (br d, J=8.02 Hz, 6 H) 1.63 (q, J=13.17
Hz, 1 H) 1.17-1.34 (m, 6 H) 0.96-1.15 (m, 6 H) 0.88-0.94
(m, 3 H).

Temporal Stability of Product of Synthesis Example 2:
The chromophore of Synthesis Example 2 had a glass
transition temperature of about 176° C. Thin films, having a
thickness of 1-2 um, prepared by dissolving the chro-
mophore of Synthesis Example 2 (35 wt %) 1n 1,1,2 trichlo-
roethane (10% solids) and spin-coating I'TO coated glass
substrates at 2000 rpm were prepared. The solvent was
removed under vacuum at 80° C. for 16 hrs. Gold pads (50
nm) were sputtered on the film to create the top electrode.
These simple devices were then poled at 155° C. and
100V/um under nitrogen for 60s and cooled with the field on
to preserve the poled state. Initial measurements of the
clectro-optic coeflicient (r33) were made, and the samples
were stored 1n an oven at 85° C. and re-measured periodi-
cally. The results are set forth below 1n Table 2 and are
depicted graphically 1n FIG. 2. As can be seen from the data
in Table 2 and FIG. 2, the electro-optical performance of thin
films prepared using a chromophore according to an
embodiment of the present mvention exhibit significant,
long-term thermal stability.

TABLE 2

Temporal Stability of Synthesis Example 2 Thin
Films (r,, remaining after storage at 85° C.)

Time (Hours) r33 Remaining (%)

0 100
64 99.6
256 88.9
44% 87.9
784 89.7

It will be appreciated by those skilled 1n the art that
changes could be made to the embodiments described above
without departing from the broad inventive concept thereof.
It 1s understood, theretore, that this invention 1s not limited
to the particular embodiments disclosed, but 1t 1s mntended to
cover modifications within the spirit and scope of the present
invention as defined by the appended claims.
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What 1s claimed 1s:

1. A nonlinear optical chromophore of the general formula

(I):

D-mt-A (I)

wherein D represents an organic electron-donating group; A
represents an organic electron-accepting group having an
clectron aflinity greater than the electron afhinity of D; and
1t represents a -bridge between the organic electron-accept-
ing group and the organic electron-donating group; wherein
the m-bridge between the organic electron-accepting group
and the organic electron-donating group has the following

formula (I11%):

(1)

wherein each Y independently represents a sulfur linked
aryl group of the following formula (IT"):

"y

wherein each a and b independently represents an integer
of O to 3; and z represents an integer of 1 to 3;

the nonlinear optical chromophore comprising one or
more diamondoids, wherein each of the one or more
diamondoids 1s covalently bound to one of the organic
clectron-accepting group, or the organic electron-do-
nating group.

2. A nonlinear optical chromophore of the general formula

(D):

D-mt-A ()

wherein D represents an organic electron-donating group; A
represents an organic electron-accepting group having an
clectron athinity greater than the electron athinity of D; and
Tt represents a t-bridge between the organic electron-accept-
ing group and the organic electron-donating group; wherein
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the m-bridge between the organic electron-accepting group
and the organic electron-donating group has the following (T12)

formula (119): - >I\ —
5

b
(I19) S

Sl o Y)Y
I

ya\v
’ ° wherein each a and b independently represents an integer

Y = of 0 to 3; and z represents an integer of 1 to 3;

the nonlinear optical chromophore comprising one or
more diamondoids, wherein each of the one or more
diamondoids 1s covalently bound to one of the organic
clectron-accepting group, or the organic electron-do-

nating group.

wherein each Y independently represents a sulfur linked =
aryl group of the following formula (II?): ¥ k% %k
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