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A new type of dendritic polymer, named dendronized hyperbranched polymer (DHP), was prepared successfully by the macro-
monomer approach. Thanks to the perfect 3D isolation effects, DHPG1 exhibited good NLO property with ds3 value of 133 pm/V,

higher than its analogues of dendronized polymer and dendrimer, and its stability of NLO effect was also enhanced.
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The development of macromolecule fields was inseparable
from synthetic polymers. The initial introduction of syn-
thetic polymers in the 1830’s is today reflected by an infi-
nite number of structural variations that have ended in key
components in products to meet the requirements of modern
society [1]. For synthetic chemists, it is important to design
and synthesize new types of functional polymers, to pro-
mote the development of the polymeric science. Dendritic
macromolecules are a prime example of an important scien-
tific breakthrough for the synthetic polymers from normal
linear polymers [1]. Among them, dendrimers and hyper-
brached polymers are the typical ones and already poised to
make significant contributions to several areas of physical
and biological science and engineering, due to their unique
architectural and functional features [2—7]. Inspired by these
encouraging results, by the attachment of the dendrimers to
the linear polymeric backbone, chemistry researchers have
designed a new architecture, termed as “dendronized poly-
mers”, since 1987 [8-10]. Following this idea, how about
the introduction of the dendrimers to another dendritic
polymeric system, for example, hyperbranched polymer
(Figure 1)?
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Figure 1 Schematic overview of different types of macromolecule and
the premier idea in this communication.

In this article, we tried to introduce the low generation
dendrimers into a hyperbranched polymeric backbone. Due
to their architectural features, these new polymers were
named as “dendronized hyperbranched polymers (DHP)”
here. As we know, dendrimers are defect-free and perfect
monodisperse, but the synthesis is usually tedious and dif-
ficult, while hyperbranched polymers are much easier to be
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obtained, but their structures are usually imperfect. In our
opinion, DHP, with the new dendritic structure, should
combine the advantages of dendrimers and hyperbranched
polymers: the synthesis should be much easier than that of
dendrimers, and their defect should be much less than those
of hyperbranched polymers. Meanwhile, the topological
structure of DHP should be much different from those of
dendrimers and hyperbranched polymers. However, it is not
clear what properties could be brought out by this topologi-
cal structure. Furthermore, in this article, the introduced
low generation dendriemrs consisting of nitro-based azo-
benzene chromophores, therefore, the final obtained DHPs
could be applied to the second-order nonlinear optical field
(NLO, one kind of materials with the promise of perfor-
mance and cost improvements related to telecommunica-
tions, computing, embedded network sensing, THz wave
generation and detection, and many other applications) [11].
Meanwhile, the three-dimensional (3D) spatial separation of
the chromophore moieties endows the highly branched
DHPs with favorable site isolation effect, which could
minimize the strong intermolecular electrostatic interactions
among chromophore moieties with high dipole moment, and
thus enhance macroscopic optical nonlinearities, similar
to dendrimers and hyperbranched polymers, according to
site isolation principle [12—14] and the concept of “suitable
isolation group” [15]. To our surprise, the obtained poly-
mers demonstrated very good comprehensive performance:
their NLO coefficient and stability were both improved, in
comparison with their analogues of dendronized polymer
and dendrimer. Herein, we would like to present the syn-
theses, characterization and properties of these new DHPs
in detail.

1 Experimental
1.1 Materials and instrumentation

Tetrahydrofuran (THF) was dried over and distilled from
K-Na alloy under an atmosphere of dry nitrogen. 3,6-
Dibromo-9-(6-bromohexyl)-9H-carbazole (S1) and the
NLO dendrons G0-=, G1-= and G2-= were prepared in
our previous work [16—-19], and its synthetic route could be
seen in scheme S1 in supporting information. Tris(4-(4,4,
5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)amine (S3)
was synthesized during normal procedure for the prepara-
tion of bronic ester by two steps, and its synthetic route was
shown in Scheme S2. All other reagents were used as re-
ceived.

'H and "*C NMR spectra were measured on a Varian
Mercury300 or Varian Mercury 600 spectrometer using
tetramethylsilane (TMS; 6 = 0) as internal standard. The
Fourier transform infrared (FTIR) spectra were recorded
on a Perkin Elmer-2 spectrometer in the region of 3000—
400 cm™'. UV-Vis spectra were obtained using a Shimadzu
UV-2550 spectrometer. Matrix-assisted laser desorption
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ionization time-of-flight mass spectra were measured on
a Voyager-DE-STR MALDI-TOF mass spectrometer
(MALDI-TOF MS; ABI, America) equipped with a 337 nm
nitrogen laser and a 1.2 m linear flight path in positive ion
mode. Elemental analyses (EA) were performed by a
CARLOERBA-1106 micro-elemental analyzer. Gel perme-
ation chromatography (GPC) was used to determine the
relative molecular weights of polymers. GPC analysis was
performed on a Waters HPLC system equipped with a
2690D separation module and a 2410 refractive index de-
tector. Polystyrene standards were used as calibration
standards for GPC. THF was used as an eluent, and the flow
rate was 1.0 mL min~'. Absolute molecular weights of the
DHPs were measured by laser light scattering (LLS) tech-
nique (Down EOS). Thermal analysis was performed on
NETZSCH STA449C thermal analyzer at a heating rate of
10°C min™" in nitrogen at a flow rate of 50 cm’® min™' for
thermogravimetric analysis (TGA). The thermal transitions
of the polymers were investigated using a METTLER dif-
ferential scanning calorimeter DSC822¢e under nitrogen at a
scanning rate of 10°C min~'. The thickness of the films was
measured with an Ambios Technology XP-2 profilometer.

1.2 Synthesis

(1) Synthesis of compound S2. Compound S1 (976 mg,
2.18 mmol) was dissolved in 12 mL DMF, and then sodium
azide (260 mg, 4.0 mmol) was added. The mixture was
stirred at 80°C over night. After being cooled, the solid salts
were removed by filtration, and the filtrate was poured into
water, then extracted with chloroform, and washed with
brine and water for several times. The organic layer was
dried over magnesium sulfate. The crude product was puri-
fied by column chromatography on silica gel using petro-
leum ether/chloroform (2/1, v/v) as eluent to afford white
solid compound S2 (898 mg, 99%). IR (KBr), v (cm™):
2100 (-N3). '"H NMR (CDCls, 300 MHz) & (TMS): 1.38 (s,
br, 4H, -CH,-), 1.52 (s, br, 2H, -CH,-), 1.85 (m, 2H,
—CHy), 3.22 (t, J = 6.6 Hz, 2H, —CH,N3-), 4.26 (t, J = 6.6
Hz, 2H, -NCH,—, 7.28 (d, 2H, ArH), 7.54 (d, J = 8.1 Hz, 2H,
ArH), 8.15 (s, 2H, ArH). °C NMR (CDCls, 75 MHz) §:
26.23, 26.49, 28.46, 29.58, 42.70, 50.99, 110.03, 111.65,
122.82, 128.65, 138.74. MALDI-TOF MS: calcd. for
C30H77N15014: mlz [M+H]+ 45017, found: m/z 449.94.
C18H18N4Br2 (EA) (%) found: C, 4867, H, 443, N, 12.01.
Calcd. C, 48.02; H, 4.03; N, 12.45.

(2) Synthesis of monomer MG0. Chromophore G0-=
(124.1 mg, 2.0 mmol), compound S2 (99.0 mg, 2.2 mmol),
CuSO45H,0 (10 mol%), NaHCO; (20 mol%), and ascorbic
acid (20 mol%) were dissolved in THF (5 mL)/H,O (1 mL)
under nitrogen in a Schlenk flask. The mixture was stirred
at room temperature for 3 h, then extracted with chloroform,
and washed with brine. The organic layer was dried over
anhydrous magnesium sulfate and purified by column
chromatography using ethyl acetate/chloroform (1/2, v/v) as
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eluent to afford red solid MGO (102 mg, 95%). IR (KBr),
v (cm™): 1723 (C=0), 1511, 1341 (-NO,). "H NMR (CDCl5,
300 MHz) 6 (TMS): 1.26 (s, br, 4H, —-CH,-), 1.78 (m, 4 H,
—CHy-), 2.32 (t, J = 6.9 Hz, 2H, -CH,C-), 2.99 (t, J =7.2 Hz,
2H, -CH,-), 3.94 (t, J = 5.4 Hz, 2H, -NCH,-), 4.21 (t, /=6
Hz, 4H, -NCH,-), 4.26 (t, J =6 Hz, 2H, -OCH,-), 4.57 (t,
J =6 Hz, 4H, -COOCH,-), 6.96 (d, J = 4.5 Hz, 2H, ArH),
7.24 (t, br, J = 5.7 Hz, 5H, ArH ), 7.40-7.47 (m, 4H, ArH),
7.52-7.58 (m, 4H, ArH), 7.59 (d, J = 4.8 Hz, 2H, ArH),
7.86 (s, 1H, C=CH), 7.92 (d, J = 4.8 Hz, 2H, ArH), 8.00 (d,
J =3.9 Hz, 2H, ArH), 8.13 (s, 2H, ArH). >°C NMR (CDCl,
75 MHz) &: 22.18, 26.45, 28.87, 43.29, 50.13, 61.94, 69.08,
109.55, 110.58, 112.16, 112.27, 116.76, 117.76, 121.23,
123.52, 123.66, 126.44, 128.74, 129.30, 129.86, 130.36,
133.55, 139.47, 145.29, 147.06, 148.63, 151.01, 155.43,
166.72. MALDI-TOF MS: calcd. for CgoH77N 504 m/z
[M+Na]* 1093.5; found: m/z 1093.3. Cs3;HsoNgO,Br, (EA)
(%) found: C, 59.33; H, 4.76; N, 10.32. Calcd. C, 59.45; H,
4.71; N, 10.47.

(3) Synthesis of monomer MG1. The procedure was
similar to the synthesis of MGO0. Chromophore G1-=
(170.9 mg, 1.0 mmol), compound S2 (90.0 mg, 2.0 mmol).
The crude product was purified by column chromatography
on silica gel using THF/chloroform (1/2) as eluent to afford
red solid MG1 (200 mg, 93%). IR (KBr), v (cm™): 1723
(C=0), 1511, 1341 (-NO,). '"H NMR (CDCl;, 300 MHz) &
(TMS): 0.94 (t, J = 7.2 Hz , 4H, -CH,-), 1.26 (s, br, 4H,
—CH»-), 1.77 (s, br, 2H, -CH,C-), 1.86 (s, br, 2H, -CH,-),
2.22-2.30 (m, 4H, -CH,~), 2.26 (t, J =6.9 Hz, 4H, -CCH,-),
3.70 (s, br, 4H, -NCH,-), 3.93 (t, 4H, -NCH,-), 4.11 (t, J =
6.3 Hz, 8H, -NCH,-), 4.22 (t, J = 6.3 Hz, 4H, -NCH,-),
4.35 (s, br, 4H, —OCH,-), 4.56 (t, J = 6.0 Hz, 4H,
—-COOCH;~), 6.52 (d, J = 4.5 Hz, 2H, -ArH-), 6.94 (d, J =
4.5 Hz, 6H, —-ArH-), 7.24 (m, 8H, —-ArH-), 7.32 (s, 3H,
C=CH), 7.49-7.63 (m, 10H, ArH), 7.74-7.98 (m, 15H,
ArH), 7.99 (d, J = 4.2 Hz, 12H, ArH), 8.11 (s, 2H, ArH).
BC NMR (CDCls, 75 MHz) §: 22.04, 26.79, 28.61, 28.87,
30.30, 43.28, 47.49, 50.13, 51.45, 61.94, 68.74, 109.40,
110.62, 112.12, 116.74, 117.69, 121.28, 122.62, 123.49,
126.46, 128.77, 129.28, 129.86, 133.58, 139.43, 145.16,
147.08, 147.40, 148.49, 151.04, 155.32, 166.72. MALDI-
TOF MS: calcd. for CggH77N5O4: m/z [M+Na]* 2175.6;
found: m/z 2175.5. C109H104N22017Br2 (EA) (%) found: C,
60.06; H, 5.393; N, 13.77. Calcd. C, 60.78; H, 4.87, N,
14.32.

(4) Synthesis of DHPG0. A mixture of dendonized
A,-type monomer MGO (96.9 mg, 0.09 mmol), Bs-type
monomer S3 (37.5 mg, 0.06 mmol), potassium carbonate
(10 equiv), THF (9 mL)/water (1 mL), and Pd(PPhj),
(5 mol%) was carefully degassed and charged with argon.
Then the reaction mixture was stirred at 60°C for 9 h. Be-
fore gelation, an excess of methanol was poured into the
mixture, then it was filtered. The obtained solid was dis-
solved in THF, and the insoluble solid was filtered out. Af-
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ter removal of the solvent, the residue was further purified
by several precipitations from THF into acetone, and the
obtained solid was then washed with an excess of acetone
and dried in a vacuum at 40°C to a constant weight. The
resultant polymer was obtained as a red powder (74.1 mg,
85.0%). M,, = 5400, M /M, = 1.48, (GPC, polystyrene cali-
bration). M,, = 95800, M,/M, = 1.15, (LLS). IR (KBr), v
(cm™): 1724 (C=0), 1518, 1336 (-NO,). '"H NMR (CDCl;,
300 MHz) 6 (TMS): 1.0-1.4 (-CH,~), 1.4-2.0 (-CH,-),
2.0-2.4 (-CH,-), 2.8-3.0 (-CH,-), 3.6-3.9 (-NCH,-),
4.1-4.3 (-NCHp- and -OCH,-), 4.3-4.6 (-COOCH,-),
6.7-7.0 (ArH), 7.0-8.0(ArH and C=CH), 8.33 (ArH). "*C
NMR (CDCl;, 150 MHz) ¢ : 22.23, 26.52, 26.90, 28.71,
29.07, 30.30, 50.00, 61.89, 69.05, 109.45, 112.10, 121.21,
124.84, 126.41, 128.69, 129.80, 132.36, 133.49, 140.28,
145.21, 147.03, 150.99, 166.60.

(5) Synthesis of DHPG1. The procedure was similar to
the synthesis of DHPG0. MG1 (103.4 mg, 0.048 mmol), S3
(19.9 mg, 0.032 mmol), reaction time: 21 h. The resultant
polymer was obtained as a red powder (90.0 mg, 90.0%).
M, = 2600, M,/M,= 1.67, (GPC, polystyrene calibration).
M,, = 60200, M,/M,= 1.37, (LLS). R (KBr), v (cm™): 1724
(C=0), 1518, 1336 (-NO,). '"H NMR (CDCls, 300 MHz) §
(TMS): 1.0-1.4 (-CHy»), 1.4-2.4 (-CH,-), 2.6-3.0 (-CH,~),
3.4-4.6 (-NCH,- and -OCH,-), 6.3-8.2 (ArH and C=CH).
5C NMR (CDCl;, 150Hz) & : 20.81, 24.59, 25.23, 27.41,
46.20, 48.85, 50.14, 60.71, 66.94, 67.64, 108.32, 110.92,
11541, 116.41, 121.35, 125.17, 125.59, 126.93, 127.47,
127.75, 128.57, 130.97, 132.27, 143.96, 145.85, 146.13,
147.23, 149.84, 154.11, 165.42.

1.3 Preparation of polymer thin films

The DHPs were dissolved in THF (concentration ~4 wt%),
and the solutions were filtered through syringe filters, and
the films were spin-coated onto indium-tin-oxide (ITO)-
coated glass substrates, which were cleaned by N, N-dime-
thyformamide, acetone, distilled water and THF sequential-
ly in ultrasonic bath before use. Residual solvent was re-
moved by heating the films in a vacuum oven at 40°C.

1.4 NLO measurement of poled films

The second-order optical nonlinearity of the dendrimers was
determined by in-situ second harmonic generation (SHG)
experiment using a closed temperaturecontrolled oven with
optical windows and three needle electrodes. The films
were kept at 45° to the incident beam and poled inside the
oven, and the SHG intensity was monitored simultaneously.
Poling conditions were as follows: temperature: different
for each polymer; voltage: 7.5 kV at the needle point; gap
distance: 0.8 cm. The SHG measurements were carried out
with a Nd: YAG laser operating at a 10 Hz repetition rate
and an 8 ns pulse width at 1064 nm. A Y-cut quartz crystal
served as the reference.
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2 Results and discussion
2.1 Synthesis

Usually, the synthesis of dendronized polymers can be
achieved by a graft-to, graft-from or macromonomer ap-
proach [20]. Similar to that, there should be also three ap-
proaches to synthesize DHPs. However, different from
normal linear polymers, hyperbranched polymers were
highly branched, and the reaction sites inside could be
“protected” by the polymeric backbone. If graft-to or graft-
from approach was used, the inevitable large steric effect
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could hinder the reaction seriously. Therefore, the macro-
monomer approach seemed to be the unique route. As
shown in Figure 2, the B, type macromonomers, dibromo
dendrionized carbazole MGO0 and MG1, were prepared via
powerful Sharpless “click chemistry” reaction between S2
and different generation dendrons G0-= and G1-= (the
synthetic route was shown in Scheme S1 in supporting in-
formation). And, for the preparation of the target DHPs, the
one-pot Suzuki polycondensation reaction was utilized be-
tween dibromo dendrionized carbazoles and B; type mon-
omer S3 (Figure 3). It was known that the “A)+B;” type
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Figure 3 The synthesis of “dendronized hyperbranched polymers” DHPG0 and DHPG1.
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polymerization would lead to the formation of cross-linking ure 4). Under the same conditions, only 40 min later, the
insoluble polymer, the polymeric procedure thus must be reaction solution became a little opaque, and only 1 h later,
controlled carefully. Here, an advantage could be noted there was no soluble polymers obtained.

once the dendronized monomer was used: the dendronized
architecture had larger bulk than normal monomers, which
could bring out the steric hindrance, and decrease the reac-

2.2 Characterizations

tivity in the polymerization process, indicating that the All of polymers and intermediates were characterized by
polymerization could be more controllable, making the spectroscopic methods (see Supporting Information for de-
preparation of the soluble DHPs easy. However, if the steric ~ tails: Figure S1 was their FT-IR spectra, Figures S2-S11
effect was too large, the low reactivity also made the were their NMR spectra, Figures S12 and S13 were their
polymerization failed. This point could be also reflected in MALDI-TOF mass spectra). Figure 5 showed the 'H NMR
their different polymeric reaction time. For DHPGO, if the spectra of DHPG1 and its corresponding monomers as ex-
reaction time was longer than 9.5 h, the resultant hyper- amples. In comparison with the 'H NMR spectra of S2 and
branched polymers could not be dissolved in any solvent, G1-=, some peaks disappeared, which could be assigned to
while 22 h for DHPG1. Thus, in the reaction, the real times the protons of the —CH,N3;— in S2 and —-C=CH (2.05) in
were a little shorter than the above ones (Table 1). In fact, G1-=, while another peak, assigned to the proton of the
the higher generation dendron containing DHP, DHPG2,  new formed triazole, appeared. After polymerization, all the
was also attempted to be synthesized, but failed (Figure 4). peaks showed an inclination of signal broadening obviously,
After 48 h, there were still lots of reactants (MG2 and 83)  indicating the polymerizations were successful. However, it
existed in the mixture, as tested by the thin layer chromato- was a pity that the degree of branching (DB) could not be
gram (TLC). This indicated that the too large steric hin- calculated from the '"H NMR spectra, due to the too broad
drance of the dendrons hampered the polymerization. Also, and overlap peaks.

the normal hyperbranched polymer with no dendrons in it The M,, and PDI values of DHPGO and DHPG1 were

was investigated to further confirm that the procedure for estimated by the laser light scattering (LLS) technique to be
the preparation of these DHPs was more controllable (Fig- 95800, 1.15 and 60200, 1.37, respectively (Table 1), also

Table 1 Reaction time and molecular weights of these DHPs

No. Yield (%) t(h)" M, (g mol™)” M, /M, M, (g mol™)? My IM,©
DHPGO0 85.0 9 5400 1.48 95800 1.15
DHPG1 90.0 21 2600 1.67 60200 1.37

a) The reaction times to avoid formation of gelation. b) Relative value estimated by GPC in THF on the basis of a polystyrene calibration. ¢) Absolute
value measured in THF by the LLS technique.
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Figure 4 The different phenomena observed in the synthetic procedure of two model polymers.
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confirming the unique role during the polymerization of
dendrons in these DHPs: their PDIs were all much lower
than normal hyperbranched polymers, due to the more con-
trollable polymerization procedure. Meanwhile, their rela-
tive molecule weights were also tested by gel permeation
chromatography (GPC) on the basis of a polystyrene cali-
bration (Table 1). Similar to normal dendritic macromole-
cules [21,22], their tested values were much smaller than
their true ones, possibly due to the different hydrodynamic
radius. This indicated that the obtained polymers were also
highly branched as expected, although their DB values
could not be calculated. Furthermore, the viscosity of these
polymers was so low that could not be tested by an Ub-
belohde viscometer, indicating their highly branched struc-
ture again.

The increase of conjugated system could make the ab-
sorption red-shifted. Here, after polymerization, the conju-
gated system of hyperbranched backbone could be en-
hanced in a large degree, which should be thus reflected in
their UV-Vis spectra. As shown in Figure 3, there was an
absorption peak at about 310 nm, which was the typical
absorption of carbazole, in the monomers of MGO0 and
MG1, this peak was shifted to 360 nm in DHPGO and
DHPGI1. This was another point to confirm the success of
polymerization. Meanwhile, the maximum absorption
wavelengths for the m—n* transition of the azo moieties in
DHPG1 was obviously blue-shifted than that in DHPGO
(Figures 6, S14-S18 and Table S1), indicating that the den-
dronized structure could exhibit good site-isolation effect,
directly reducing the strong intermolecular dipole-dipole
interactions among chromophore moieties, and benefiting to
the ordered noncentrosymmetric alignment of the chromo-
phore moieties during the poling process in a large degree.
In addition, the blue-shifted maximum absorption of
DHPG1 would surely result in their wide optical transpar-
ency window, and contribute to the practical application in
photonics fields. These also reflected the usefulness of the
dendrons in the side chain of hyperbranched polymers.
However, as shown in Table S1, in comparison with den-
drimers and dendronized polymers, these DHPs showed a
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Figure 6 UV-vis spectra of THF solutions of MG0, MG1, DHPGO and
DHPG1 (0.02 mg/mL).

little red-shift, which should be ascribed to their special
topological structure. To know more information about this
new topological structure, further researches were still
needed.

These DHPs were thermally stable (Figure S19), with the
5% weight loss temperatures of 291 and 285°C, respectively.
The glass transition temperature (7,) of the DHPs were
tested to be 140 and 138°C, respectively, by using differen-
tial scanning calorimetry (DSC). These results were en-
couraging. In our previous work on dendrimers G1-G3 [16]
(Scheme S1, Table S2) and dendronized polymers PGO-
PG2 [17] (Scheme S3, Table S2), the T, values increased
accompanying with the increasing of generation number,
however, not higher than 96°C. Here, the T, values were
much higher, possibly due to their special topological
structure, as well as their larger molecular weights. Fur-
thermore, the higher 7, values could lead to higher stability
of the ordered dipole alignment of NLO chromophores, and
surely benefit to their potential practical applications.

2.3 NLO properties

The obtained DHPG0 and DHPG1 were soluble in com-
mon polar organic solvents, such as chloroform, THF, DMF
and DMSO, and exhibited good film-forming ability. To
evaluate the NLO activities, their poled films were prepared.
The convenient technique to study the second-order NLO
activity was to investigate the second harmonic generation
(SHG) processes characterized by ds;, an SHG coefficient.
The method for the calculation of the SHG coefficients (ds3)
for the poled films has been reported in our previous papers
[15-19]. From the experimental data, the d;; values of
DHPGO and DHPG1 were calculated to be 91 and 133
pm/V, respectively, at 1064 nm fundamental wavelength
(Table 2). To check the reproducibility, we repeated the
measurements three times and got the same results. In our
previous work on the concept of “suitable isolation group”,
we have synthesized many NLO polymers [15]. Figure 7
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Table 2 NLO results of DHPs
No. T.(°C)” I (um)” dy (pm V17 dy3 () (pm V)P @ NP
DHPGO 145 0.22 91 13 0.12 0.278
DHPG1 140 0.22 133 21 0.18 0.415

a) The best poling temperature. b) Film thickness. ¢) Second harmonic generation (SHG) coefficient. d) The nonresonant ds; values calculated by using
the approximate two-level model. e) Order parameter @ = 1-A,/A,, A; and A, are the absorbance of the polymer film after and before corona poling, respec-

tively. f) The loading density of the effective chromophore moieties.
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Figure 7 Some nitro azobenzene chromophore based NLO polymers and their ds; values.

showed some examples of nitro azobenzene chromophore
based NLO polymers with suitable isolation group. It was
obvious that the ds; values of these DHPs were relative
high.

In our previous work on dendrimers G1-G3 and den-
dronized polymers PGO-PG2 (Table S2) [16,17], the ds;
values increased, accompanying with the increasing loading
density of the chromophore moieties, due to more and more
perfect 3D structures. Here, the similar phenomenon ap-
peared in these highly branched DHPs: accompanying with
the loading concentration of the chromophore moieties
changing from 0.278 in DHPGO to 0.415 in DHPGI, the
measured NLO coefficient values increased from 91
(DHPGO) to 133 pm V™' (DHPG1), as the 3D topological
structure became better from DHPGO0 to DHPG1. Also, the
isolation effect of the exterior phenyl moieties and the inte-
rior triazole rings could contribute much to its NLO coeffi-
cent, according to the concept of “suitable isolation group”.
Meanwhile, 133 pm V7! was even higher than those of den-
drimes (122.7 pm V™' of G3) and dendronized polymers
(106.0 pm V™' of PG2), indicating that the hyperbranched
backbone could also contribute much to their NLO coeffi-
cient. This point was very similar to normal hyperbranched

polymers. In recent years, there were many literatures re-
porting that the NLO coefficient of hyperbranched polymers
were higher than their linear analogues, due to site-isolation
effect [23-25]. However, the DHPs were not the same to
hyperbranched polymers, further researches were still
needed to confirm the advantages of DHPs.

As the films of the DHPs still had some absorptions
at the wavelength of 532 nm (the doubled frequency of
the 1064 nm fundamental wavelength), the NLO properties
of dendrimers should be smaller, as shown in Table 2
(ds3(0)), due to the resonant enhancement effect [26]. Be-
cause of their high d;; values and wide optical transparency
window, the d;3(0) value of DHPG1 was still as high as 21
pm V™', higher than those of dendrimers (18.2 pm V™' of
G3) and dendronized polymers (19.9 pm V™' of PG2),
making these DHPs suitable for potential applications in
optical fields.

To further explore the alignment of the chromophore
moieties in these DHPs, we measured their order parameter
(@) (Table 2 and Figures S20 and S21). According to
the equation (footnote g in Table 2), the @ values of DHPs
were calculated and the results were listed in Table 2. The
trend of the @ values was the same as the ds; values of
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Figure 8 Decay curves of the SHG coefficients of DHPs as a function of
the temperature.

DHPs.

Depoling experiments of DHPs were conducted, in
which the real time decays of their SHG signals were mon-
itored as the poled films were heated from 35 to 140°C in
air at a rate of 4°C min~'. Figure 8 displayed the decay of
the SHG coefficient of these DHPs as a function of temper-
ature. Due to their much higher T, values, the temporal sta-
bility of dipole orientation of these dendrimers were also
improved in a large degree: the temperatures for decay of
dendrimers and dendronized polymers were only around
70°C (G3 and PG2) [16,17], while the values of DHPGO
and DHPG1 were both higher than 105°C. This should be
an important advantage of DHPs in the NLO field, in com-
parison with other types of dendritic macromelacues.

Suzuki polycondensation reaction, two dendronized hy-
perbranched polymers, DHPGO0 and DHPG, were prepared
successfully and used as NLO materials. The obtained
polymers displayed excellent solubility and processability.
Furthermore, thanks to the special topological structure,
DHPG1 exhibited better NLO property (with the d3; value
of 133 pm V') and higher stability than its analogue of
dendronized polymer and dendrimer. Further study on this
special dendronized hyperbranched structure is still in pro-
gress in our laboratory.
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