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a b s t r a c t

Dendrons with a porphyrin core and p-conjugated dendron branches with 8 and 16 stilbene groups have
been synthesized and characterized. The dendrons used for dendrimer synthesis possessed an all trans
configuration. Cubic non-linear optical behavior of the styryl and porphyrin-containing dendrimers was
tested via Z-Scan measurements in spin-coated film samples.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, the design and synthesis of p-conjugated
dendrimers has been explored extensively as active chemical
components in awide range of electronic and optoelectronic devices
[1]. p-Conjugated dendrimers with electron-donating units, such as
thiophene [2], carbazole [3], and phenothiazine [4], have attracted
much attention because of their excellent electroluminescent and
electroconductive properties, and because their size and architec-
ture can be specifically controlled during synthesis [5]: the globular
shape of dendrimers provides a large surface area that can be
decorated with different chromophore species, thus resulting in
a large absorption cross-section and enabling efficient capture of
photons [6]. The nonlinear optical (NLO) properties of several den-
drimers have been published [7e15]. Recently, we reported on
dendrimers containing oligo(phenylenevinylene) branches or
ferrocenyl end groups with a resorcinarene or porphyrin core with
interesting optical properties [13]. Here, we report the synthesis and
cubic NLO behavior of first and second generation dendrimers with
p-conjugated branches and a porphyrin core.
artínez-García).

All rights reserved.
2. Experimental

2.1. Reagents and instrumentation

Solvents and reagents were purchased as reagent grade and
used without further purification. Acetone was distilled over
calcium chloride. Tetrahydrofuran was distilled from sodium and
benzophenone. Column chromatography was performed on Merck
silica gel 60�A (70e230 mesh). 1H- and 13C-NMR were recorded on
a Varian-Unity-300 MHz with tetramethylsilane (TMS) as an
internal reference. Infrared (IR) spectra were measured on a spec-
trophotometer Nicolet FT-SSX. Elemental analysis was determined
by Galbraith Laboratories Inc. (Knoxville, TN, USA). FABþ mass
spectra were taken on a JEOL JMS AX505 HA instrument. Elec-
trospray mass spectra were taken on a Bruker Daltonic, Esquire
6000. MALDI-TOF mass spectra were taken on a Bruker Omni
FLEX.
2.2. Synthesis of substituted benzaldehydes

A mixture of 1 or 6 (38 mmol), 2 (18.9 mmol), Pd(OAc)2
(1.3 mmol), and tri-o-tolylphosphine TOP (3.28 mmol) in Et3N/DMF
1:5 (120 mL) was stirred under N2 at 120 �C for 24 h. After cooling,
the resulting mixture was filtered and the solvents evaporated. The
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crude product was purified by column chromatography (SiO2,
hexane).

2.2.1. (E) 3,5-distyrylbenzaldehyde 3
Yield 3.5 g, (60%), white powder, m.p. 125e127 �C, UV CH2Cl2

(nm): 242, 311. IR (KBr, cm�1): 3443, 3025, 2809, 2738, 1695 (C¼O),
1590, 1449, 1143, 966, 884, 743, 694, 528. 1H NMR (300 MHz,
CDCl3), dH (ppm): 7.13 (d, 2H, CH¼, J ¼ 16.5 Hz), 7.23 (d, 2H, CH¼,
J ¼ 16.5 Hz), 7.27e7.45 (m, 4H, Ar), 7.35 (t, 2H, Ar, J ¼ 1.6 Hz),
7.54e7.60 (m, 4H, Ar), 7.87 (t, 2H, Ar, J ¼ 2.0 Hz), 7.92 (s, 1H, Ar),
10.09 (s, 1H, HC¼O). 13C NMR (75 MHz, CDCl3), dC (ppm): 126.2
(CH¼), 126.7 (Ar), 127.0 (CH¼), 128.2 (Ar), 128.8 (Ar), 130.2 (Ar),
130.7 (Ar), 136.6 (Aripso), 137.2 (Aripso), 138.7 (Ar), 192.2 (C¼O). MS,
EIþ (m/z): 310. Anal. calcd. for C23H18O: C 89.00, H 5.85%. Found:
C 89.10, H 5.86%

2.2.2. 3,5-Bis((E)-3,5-di(E)-styrylstyryl)benzaldehyde 7
Yield 9.5 g, (70%), white powder, m.p. 131e133 �C, UV CHCl3

(nm): 242.5, 316.5. IR (KBr, cm�1): 3653, 3380, 3078, 3055, 3025,
2958, 2924, 2852, 2730, 1943, 1876, 1798, 1695 (C¼O), 1635, 1591,
1493, 1450, 1383, 1280, 1178, 1137, 1080, 1029, 959, 876, 831, 805,
749, 719, 691, 567, 533, 491; 1H NMR (300 MHz, CDCl3), dH (ppm):
7.17 (d, 8H, CH¼, J ¼ 16.2 Hz), 7.24 (d, 4H, CH¼, J ¼ 16.5 Hz),
7.29e7.32 (m, 4H, Ar), 7.37e7.42 (m, 8H, Ar), 7.56e7.61 (m, 8H, Ar),
7.95 (t, 2H, Ar, J¼ 1.5 Hz), 7.97 (s, 6H, Ar), 7.98 (s,1H, Ar),10.11 (s,1H,
HC¼O). 13C NMR (75 MHz, CDCl3), dC (ppm): 124.0 (Ar), 124.5 (Ar),
126.6 (CH¼), 127.5 (Ar), 127.8 (Ar), 128. 1 (Ar), 128.7 (Ar), 129.5 (Ar),
130.2 (Ar), 130.4 (Ar), 137.1 (Aripso), 137.4 (Aripso), 138.2 (Aripso), 138.6
(Aripso), 192.1 (C¼O). MS, FABþ (m/z): 718. Anal. calcd. for C55H42O:
C 91.99, H 5.89%. Found: C 91.97, H 5.76%

2.3. Reduction of substituted benzaldehydes

Lithium aluminum hydride (97%, 15.2 mmol) was dissolved in
dry THF (50 mL). To this solution, 3 or 7 (6.4 mmol) dissolved in dry
THF 15 (mL) were added dropwise using an addition funnel. The
reaction was carried out at 0 �C for 4 h. After this time, water
(10 mL) was cautiously added and the reaction mixture was filtered
in Celite�. The solvent was evaporated and the residue was dis-
solved in dichloromethane. The resulting solution was dried with
sodium sulfate, filtered and the product was vacuum dried, and
purified by column chromatography (Al2O3, hexane).

2.3.1. (E)-3,5-(Distyrylphenyl) methanol 4
Yield 1.8 g (90%), white powder, m.p. 123e125 �C, UV CH2Cl2

(nm): 241, 302. IR (KBr, cm�1): 3370, 3025, 2883, 1595, 1493, 1449,
1029, 961, 750, 693. 1H NMR (300 MHz, CDCl3), dH (ppm): 4.75
(s, 2H, CH2), 5.18 (s, 1H, OH), 7.15 (s, 2H, CH¼), 7.16 (s, 2H, CH¼),
7.23e7.44 (m, 10H, Ar), 7.51 (d, 2H, Ar, J ¼ 1.5 Hz), 7.55 (t, 1H, Ar,
J ¼ 1.5 Hz). 13C NMR (75 MHz, CDCl3), dC (ppm): 65.2 (CH2-OH),
124.0 (Ar), 124.2 (Ar), 126.5 (Ar), 127.7 (CH¼), 128.1 (CH¼), 128.7
(Ar), 129.2 (Ar), 137.1 (Aripso), 138.0 (Aripso), 141.6 (Ar). MS, EIþ (m/z):
312. Anal. calcd. for C23H20O: C 88.46, H 6.41%. Found: C 88.49,
H 6.38%.

2.3.2. (3,5-bis((E)-3,5-di(E)-Styrylstyryl)phenyl)methanol 8
Yield 4.1 g (90%), white powder, m.p. 148e150 �C, UV CH2Cl2

(nm): 232, 315. IR (KBr, cm�1): 3386, 3054, 3025, 2956, 2925, 2866,
1632, 1591, 1492, 1448, 1378, 1336, 1301, 1242, 1208, 1157, 1067,
1028, 958,876, 834, 748, 691, 574, 532, 491. 1H NMR (300 MHz,
CDCl3), dH (ppm): 4.70 (s, 1H, OH), 4.78 (s, 2H, CH2), 7.15 (d, 4H,
CH¼, J ¼ 16.2 Hz), 7.22 (d, 8H, CH¼, J ¼ 16.8 Hz), 7.26e7.31 (m, 4H,
Ar), 7.36e7.41 (m, 8H, Ar), 7.49e7.55 (m, 8H, Ar), 7.56e7.59 (m, 8H,
Ar), 7.64 (t, 1H, Ar, J ¼ 1.5 Hz). 13C NMR (75 MHz, CDCl3), dC (ppm):
65.0 (CH2-OH), 123.9 (Ar), 124.1 (Ar), 126.5 (CH¼), 127.7 (Ar), 128.3
(Ar), 128.7 (Ar), 128.9 (Ar), 129.2 (Ar), 137.2 (Ar), 137.8 (Aripso), 137.9
(Aripso), 138.0 (Aripso), 141.8 (Aripso). MS, FABþ (m/z): 720. Anal.
calcd. for C55H44O: C 91.63, H 6.15%. Found: C 91.47, H 6.18%.
2.4. Preparation of chloromethylbenzenes

Compound 4 or 8 (14.0 mmol), pyridine (1 mL, 14.0 mmol) and
SOCl2 (1.45 mL, 14.0 mmol) were dissolved in dry CH2Cl2 (100 mL)
then, this mixture was cooled to �10 �C. The reaction was carried
out under nitrogen atmosphere in ice bath for 7 h. After this period,
the solvent was evaporated and the resulting oil was dry supported
and purified in a silica gel (60-240 pore size) column using
a mixture of hexane-dichloromethane 2:1 as eluent.

2.4.1. (E)-1-(Chloromethyl)-3,5-distyrylbenzene 5
Yield 4.1 g (90%), yellow-brown powder, m.p. 106e108 �C, UV

CHCl3 (nm): 242, 302. IR (KBr, cm�1): 3026, 2924, 2953, 1596, 1493,
1450, 1261, 1155, 960, 750, 691. 1H NMR (300 MHz, CDCl3),
dH (ppm): 4.63 (s, 2H, CH2-Cl), 7.13 (d, 2H, CH¼, J ¼ 16.4 Hz), 7.15
(d, 2H, CH¼, J ¼ 16.6 Hz), 7.23e7.52 (m, 10H, Ar), 7.55 (t, 2H, Ar,
J ¼ 2.5 Hz), 7.58 (t, 1H, Ar J ¼ 1.5 Hz). 13C NMR (75 MHz, CDCl3),
dC (ppm): 46.1 (CH2-Cl), 124.7 (Ar), 125.6 (Ar), 126.5 (Ar), 127.8
(CH¼), 129.6 (Ar), 136.9 (Aripso), 138.1 (Aripso), 138.2 (Ar). MS,
EIþ (m/z): 330. Anal. calcd. for C23H19Cl: C 83.50, H 5.79%. Found:
C 83.56, H 5.78%.

2.4.2. 5,50-(1E,1’E)-2,20-(5-(Chloromethyl)-1,3-phenylene)
bis(ethene-2,1-diyl)bis(1,3-di(E)-styrylbenzene) 9

Yield 9.3 g (90%), yellow-brown powder, m.p. 156e158 �C, UV
CHCl3 (nm): 232, 316. IR (KBr, cm�1): 3413, 3056, 3025, 2957, 2869,
1634, 1592, 1538, 1489, 1449, 1331, 1255, 1204, 1160, 1071, 958, 881,
834, 749, 690, 608, 564, 533, 491, 440. 1H NMR (300 MHz, CDCl3),
dH (ppm): 4.66 (s, 2H, CH2), 7.15 (d, 4H, CH¼, J ¼ 16.4 Hz), 7.23 (d,
8H, CH¼, J ¼ 16.2 Hz), 7.29 (s, 4H, Ar), 7.31e7.50 (m, 16 H, Ar),
7.55e7.58 (m, 8H, Ar), 7.68 (br, 1H, Ar). 13C NMR (75 MHz, CDCl3),
dC (ppm): 46.3 (CH2), 123.9 (Ar), 124.3 (Ar), 124.8 (Ar), 125.9 (Ar),
126.5 (CH¼), 127.2 (Ar), 127.8 (Ar), 128.2 (Ar), 128.4 (Ar), 128.7 (Ar),
129.4 (Ar), 137.1 (Ar), 137.7 (Ar), 138.1 (Ar), 138.3 (Aripso), 138.5
(Aripso), 141.3 (Aripso), 145.6 (Aripso). MS, FABþ (m/z): 738. Anal.
calcd. for C55H43Cl: C 89.34, H 5.86, Cl 4.79%. Found: C 89.32, H
5.76%.
2.5. Preparation of vinylbenzene 6

Compound 3 (16.1 mmol) dissolved in dry THF (10 mL) was
added to a mixture of methyl triphenylphosphine (16.1 mmol) in
dry THF (100 mL) and n-buthyl lithium 2.5 M in hexanes
(16.1 mmol) at 0 �C in N2 atmosphere. The mixture was stirred
for 24 h, then water was added (300 mL). The organic phase was
evaporated to dryness and purified by column chromatography
using hexane: ethyl acetate 4:1. Yield 4.6 g (92%), yellow-brown
powder, m.p. 108e110 �C, UV CHCl3 (nm): 312. IR (KBr, cm�1):
3080, 3027, 2979, 2959, 2924, 2853, 1954, 1880, 1804, 1665,
1628, 1590, 1492, 1449, 1407, 1384, 1329, 1301, 1264, 1241, 1178,
1156, 1072, 1053, 1025, 984, 964, 913, 882, 835, 753, 693, 668,
585, 553, 533, 511, 484, 447. 1H NMR (300 MHz, CDCl3), dH
(ppm): 5.32 (d, 1H, CH2¼, J ¼ 11.0 Hz), 5.84 (d, 1H, CH¼,
J ¼ 17.6 Hz), 6.77 (q, 1H, CH¼), 7.15 (s, 2H, CH¼), 7.16 (s, 2H,
CH¼), 7.23e7.46 (m, 10H, Ar), 7.52 (q, 2H, Ar), 7.56 (t, 1H, Ar,
J ¼ 1.6 Hz). 13C NMR (75 MHz, CDCl3), dC (ppm): 114.5 (CH¼),
123.6 (Ar), 122.1 (Ar), 126.5 (Ar), 127.7 (CH¼), 128.3 (Ar), 128.7
(Ar), 129.2 (Ar), 136.6 (CH¼), 137.2 (Aripso), 137.9 (Aripso), 138.2
(Aripso). MS, EIþ (m/z): 308. Anal. calcd. for C24H20O: C 93.46%, H
6.54%. Found: C 93.44, H 6.44%.
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2.6. Synthesis procedures and characterization data of new
dendrimers

A mixture of the respective dendron 5 or 9 (1 mmol), potassium
carbonate (21.2 mmol), and 18-crown-6 (0.56 g, 2.12 mmol) in dry
acetone (80 mL) was heated to reflux and stirred vigorously in
nitrogen atmosphere for 20 min porphyrin 10 (0.125 mmol) dis-
solved in dry acetone (40 mL) were added dropwise and the reac-
tion was continued for 7 days. The mixture was cooled and the
precipitate was filtered. The filtrate was evaporated to dryness
under reduced pressure. The residue dissolved in diethyl ether was
washed with an aqueous solution of 5% Na2CO3 (three times). The
organic layer was dried and evaporated to dryness and the den-
drimers were purified using the following procedure: the den-
drimer was dissolved in CH2Cl2, then methanol was added
producing precipitation of the dendrimer back. This procedure was
repeated three times.

2.6.1. Dendrimer 11
Yield 0.66 g (55%), purple solid, m.p. 226 �C, UVevis CH2Cl2

(nm): 231, 302, 422, 454, 518, 556, 595, 651, 694. IR (KBr, cm�1):
3434, 2056, 3026, 2922, 2857, 1655, 1636, 1600, 1500, 1453, 1406,
1379, 1284, 1235, 1174, 1111, 1068, 1015, 987, 960, 881, 839, 799, 748,
692, 664, 534, 489. 1H NMR (300 MHz, CDCl3) dH (ppm): �2.68 (s,
2H, H�N), 5.3 (s, 8H, CH2), 7.25 (s, 40H, Ar), 7.28 (d, 2H, Ar,
J¼ 1.5 Hz), 7.34 (d, 8H, Ar, J¼ 9 Hz), 7.35 (s, 4H, Ar), 7.38 (d, 8H, CH¼,
J¼ 14.7 Hz), 7.41 (d, 8H, CH¼, J¼ 14.7 Hz), 7.43 (t, 2H, Ar, J¼ 1.5 Hz),
7.58e7.61 (m, 4H, Ar), 8.11 (d, 8H, Ar, J¼ 9.0 Hz), 8.87 (s, 8H, py). 13C
NMR (75 MHz, CDCl3) dc (ppm): 70.3 (CH2-O), 113.1 (Ar), 119.7 (Ar),
124.62 (Ar), 125.4 (Ar), 126.6 (Ar), 127.8 (CH¼), 128.2 (CH¼), 128.7
(Ar), 129.6 (Ar), 135.0 (Aripso), 135.6 (Aripso), 137.2 (Aripso), 137.9
(Aripso), 138.2 (Aripso), 158.6 (Aripso). ESI MS (m/z): 1856. Anal. Calcd.
for C136H102N4O4: C, 88.09, H, 5.53, N, 2.95%, Found: C, 88.06, H,
5.55%,

2.6.2. Dendrimer 12
Yield 0.237 g (52%), purple solid, m.p. 294 �C, UVevis CH2Cl2

(nm): 231, 302, 422, 454, 518, 556, 595, 651, 694. IR (KBr, cm�1):
3434, 2056, 3026, 2922, 2857, 1655, 1636, 1600, 1500, 1453, 1406,
1379, 1284, 1235, 1174, 1111, 1068, 1015, 987, 960, 881, 839, 799, 748,
692, 664, 534, 489. 1H NMR (300 MHz, CDCl3) dH (ppm): �2.68 (s,
2H, H�N), 5.32 (s, 8H, CH2), 7.26 (s, 80H, Ar), 7.29 (t, 6H, Ar,
J ¼ 1.5 Hz), 7.36 (d, 8H, Ar, J ¼ 9 Hz), 7.39 (d, 24H, CH¼, J ¼ 14.7 Hz),
7.43 (d, 24H, CH¼, J ¼ 14.7 Hz), 7.45 (t, 6H, Ar, J ¼ 1.5 Hz), 7.58e7.61
(m, 24H, Ar), 8.12 (d, 8H, Ar, J ¼ 9.0 Hz), 8.88 (s, 8H, py). 13C NMR
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Scheme 1. Synthesis of dendrons of first and second generations, a) Pd(OAc)2, TOP DMF/E
THF, 0 �C.
(75 MHz, CDCl3) dc (ppm): 71.3 (CH2-O), 113.2 (Ar), 119.7 (Ar), 124.4
(Ar), 125.4 (Ar), 126.1 (Ar), 127.8 (CH¼), 128.3 (CH¼), 128.7 (Ar),
129.6 (Ar), 135.1 (Aripso), 134.9 (Aripso), 136.9 (Aripso), 137.5 (Aripso),
138.2 (Aripso), 158.9 (Aripso). ESI MS (m/z): 3510. Anal. Calcd for
C264H198N4NaO4: C, 90.25, H, 5.68, N, 1.59%, Found: C, 90.22, H,
5.64%.

3. Results and discussion

The synthesis of the two series of dendrimers with vinyl stilbene
was carried out applying the convergent Fréchet approach [16].
Dendrons of first and second generations containing styryl groups
were prepared using the Heck reaction in agreement with the
literature data [14]. Dendrons 5 and 9 are the first and second-
generation dendrons of the stilbene families (Scheme 1).

The synthesis of functionalized dendrimers 11 and 12 involves
O-alkylation of dendrons 5 or 9 with porphyrin 10 (Scheme 2). The
reaction was carried out in acetone and K2CO3 at reflux for 7 days.
The dendrimers 11 and 12 were dissolved in CH2Cl2 and precipi-
tated with methanol, obtaining 55 and 52% yields respectively. No
side products were observed for 1H, 13C NMR and mass
spectrometry.

The 1H NMR spectra of dendrimers 11 and 12 showed one broad
signal at dH-2.68 due the protons inside the porphyrin ring, a broad
signal at dH 5.3, and 5.32 due to the eCH2eO protons. The vinylic
protons gave two doublets, at dH 7.38 and 7.41 both showed trans
configuration with a couplet constant J ¼ 14.7 Hz. In both cases
a broad peak is also observed at dH 7.25e7.43 assigned to the
aromatic protons. Finally, one singlet was observed at dH 8.87 due to
the protons at the pyrrole ring.

4. Linear and third order nonlinear optical properties

Regarding the linear and nonlinear optical properties of the
obtained OPV-porphyrin dendrimers, homogeneous film samples
were spin-coated onto glass substrates (at w0.33 g L�1 concen-
tration, Mw: 1854.76 g mol�1 and 3487.54 g mol�1 for compounds
11 and 12, respectively), with average film thickness of w100 nm
and highest optical and film deposition quality were selected for
cubic NLO-characterization via the Z-Scan technique. Fig. 1a shows
the optical spectra (absorption coefficients) recorded within the
visible range for the studied films. The obtained thin films are
suitable for adequate optical data analysis due to their appropriate
transparency at optical wavelengths, which represents an impor-
tant improvement in the NLO-efficiency/transparency trade-off
OH Cl

c

4 5

OH Cl
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8 9

T3N, 120 �C; b) THF, LiAlH4, 0 �C; c) Py, CH2Cl2, SOCl2, 0 �C; d) CH3(Ph)3PBr, n-BuLi,



Fig. 1. a-c) Linear and Z-Scan nonlinear optical measurements (at lZ-Scan ¼ 632.8 nm) for compounds 11 and 12: Linear absorption coefficients of the dendrimers 11 and 12 (a).
Closed aperture Z-Scan data obtained for 11 (b), and 12 (c), based film under similar experimental conditions. An estimated experimental error below 6% is also considered for
Z-Scan data (error bars). Theoretical fitting (TFs): continuous lines.
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always present for organic compounds. This fact shows evidence of
the importance of these materials as potential candidates for
photonic and opto-electronic applications. In Fig. 1a, the optical
absorbance occurs within the 400�600 nm spectral range for both
dendrimer compounds indicating additional conjugation of delo-
calized p-electrons and multi-directional charge transfer proper-
ties, provided by the higher content of dendrons within the
dendrimer-based film samples. This suggestion will be explored
by means of NLO Z-Scan experiments as explained below. Under
this framework, the available laser excitation line for Z-Scan
experiments (@ lZ-Scan ¼ 632.8 nm) is also depicted in this figure
(vertical dashed line). At this wavelength, lower absorptive condi-
tions occur, allowing non-resonant NLO-characterizations for these
samples and, therefore, avoiding fast photo-degradation, thermal
and self-absorptive effects during long Z-Scan measurements as
much as possible (see the estimated absorption coefficients a0 in
Table 1). The a0 values are very useful for the determination of the
nonlinear refractive coefficients according to the Z-Scan technique.
The film thicknesses and the estimated linear refractive indices of
the studied samples are also shown in Table 1. It is worth noting
that the absorption coefficient of the 11-based film is much larger
than that obtained for the 12-based film (with similar film thick-
ness), which is understandable given that the molecular weight
(Mw) of compound 11 is, proportionally, smaller and the film
Table 1
Linear and nonlinear optical coefficients of the compounds 11 and 12 based films mea
@ lZ-Scan ¼ 632.8 nm, S z 23%, Rayleigh range: z0 ¼ 3.1 mm).

OPV-Dendrimer
Film Sample

Linear
Refractive Index:
n0 (@ 632.8 nm)

Linear Absorption
Coefficient: a0
(@ 632.8 nm) [m�1

Compound 11 1.70 � 0.05 2,307,841
Compound 12 1.74 � 0.05 1,050,898
samples were prepared from similar starting solutions at
w0.33 g L�1 concentration. Indeed, the larger amount of molecules
within the 11-based film allows stronger absorptive conditions.

NLO/Z-Scan measurements were performed at room tempera-
ture on the deposited OPV porphyrin dendrimer films. The
observed non-local effect of these samples is shown in Fig. 1(b,c).
Theoretical fitting was performed to the experimental data in order
to evaluate the nonlinear refractive properties of these compounds.
The NLO-response of the deposited films was characterized by
varying the polarization input planes of the HeeNe laser system in
order to explore microscopic material asymmetries or anisotropies
throughout the sample structure. In general, since all NLO-
measurements were systematically performed with different
laser input polarization states (from 0 to 90�: S- to P-polarization
states, respectively) and the obtained curves are quite similar in
each sample, the film structures do not seem to show any signifi-
cant anisotropic behaviour, thus confirming their amorphous
nature (measurements were performed in different sample points).
As shown in Fig. 1(b,c), the Z-Scan experimental data obtained from
compounds 11 and 12 exhibit typical peak-to-valley/valley-to-peak
Z-Scan transmittance curves. Taking into account the theory
developed by Sheik-Bahae et al. [17e20]. It can be observed from
our measurements that the nonlinear refractive response of these
samples can be unambiguously determined from these highly
sured according to the Z-Scan technique. (Closed aperture Z-Scan measurements

]

Film
Thickness [nm]

NLO-Refractive Index: g/n2
Z-Scan @ l ¼ 632.8 nm
� 10�8 [m2 W�1]/ � 10�1 [esu]

90 �1.8/�0.7
115 þ42.6/þ1.6



G.G. Flores-Rojas et al. / Dyes and Pigments 96 (2013) 125e129 129
symmetrical Z-Scan transmittance curves. Hence, it can immedi-
ately be concluded that compound 11 exhibits a negative NLO-
refractive coefficient (g or n2 < 0), whereas compound 12
exhibits a substantial and positive NLO-coefficient (g or n2 > 0).

The respective theoretical fits (TFs) to the obtained Z-Scan
transmission data (solid lines) are also shown in Fig. 1(b,c).
According to Table 1, the TFs allowed us to evaluate a negative NLO-
refractive coefficient in the order of g ¼ �1.8 � 10�8 m2 W�1 (or
n2 ¼ �0.7 � 10�1 esu),1,2 for the 11-based film sample. In contrast,
a positive and much larger (in magnitude) NLO-refractive coeffi-
cient was obtained for compound 12: g¼þ42.6� 10�8 m2 W�1 (or
n2 ¼ þ1.6 � 10�1 esu). The obtained g/n2-values are many orders of
magnitude larger than those observed for either the typical glass
substrates or for the classical CS2 standard reference
material:þ1.2�10�11 esu (Z-Scan @ l¼ 10.6 mm) or 6.8� 10�13 esu
(DFWM @ l ¼ 532 nm) [17e22].

One of the most interesting features of our measurements is the
sign reversal of the NLO-response observed from the 11-based film
to the 12 sample. Since the amorphous films comprise randomly
oriented and symmetrical disk-like dendrimer compounds, this
result cannot be attributed to local material anisotropies, as has
been proven by means of polarization dependent Z-Scan
measurements. In fact, this phenomenon is actually strongly
related to the dimension of the constituting dendrimer compounds.
In other words, the length of the synthesized dendron units
(compounds 5 and 9: first and second generations, respectively)
implemented to build the OPV porphyrin dendrimers plays
a crucial role in the NLO behavior of these molecules. Indeed, due to
the improved charge transfer and electron mobility throughout the
whole OPV porphyrin dendrimer molecular structures, an
enhanced nonlinearity tends to occur in both dendrimer-based film
samples, being this g/n2 coefficient much larger (in magnitude) for
the film composed of bigger 12 dendrimer compounds despite the
fact that the 11-based film contains twice as many smaller molec-
ular units as the 12-based film, according to their respective
molecular weights. Nevertheless, in the case of shorter molecular
electronic pathways (compound with a shorter excitation cross-
section), free electrons are able to in-phase follow the optical
field; giving rise to a characteristic NLO-response of the 11-based
film. This agrees well with the exhibition of a smaller (in magni-
tude) NLO refractive index (see Fig. 1b). On the other hand,
however, as the dendrimer size increases (12-based film) and due
to the complex structure of these compounds, the hyperbranched
and extremely large electronic pathways exposed by the second
generation dendrons (compound 9), provokes that the free elec-
trons follow, in an out-of-phase oscillating configuration, the
excitation optical field; thus higher molecular absorption and
consequently a stronger NLO refractive property with sign reversal
takes place. Indeed, the sign reversal of the refractive index can be
attributed to the switching between in-phase and out-of-phase
oscillations of the p-electron density with the molecular size.

5. Conclusions

The larger hyperbranched molecule (compound 12) exhibits
a giant and positive NLO-refractive coefficient in the order of
g ¼ þ42.6 � 10�8 m2 W�1. In contrast, compound 11 comprising of
a first generation dendron (5) compound exhibits lower NLO-
activity. The observed sign reversal of the NLO-refractive coeffi-
cients is attributed to the dendrimer size (dendron length) and to
the respective in- and out-of-phase electronic oscillating
1 with [g] h [m2 W�1].
2 NLO refractive index in electrostatic units.n2ðesuÞ ¼ ðcn0=40pÞg.
configurations. However, more investigations should be performed
on these materials in order to further understand the electronic and
thermal contributions to the cubic NLO-properties taking place
during long Z-Scan measurements, as well as the occurrence of
possible light-induced trans/cis isomerization processes along the
hyperbrancheddendrimercomposedof stilbenebaseddendronunits.
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