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Here we report on photochemical and photophysical properties of poly(propylene imine) dendrimers
tethering cinnamamide groups at the peripheral positions. Photoexcitation of the dendrimer solutions
with 313 nm brought about monotonous decrease of absorption band of trans-cinnamamide around
270 nm as a result of trans-to-cis photoisomerization and [2þ2] photocycloaddition. The first-generation
dendrimer showed preferential formation of cis-isomer, whereas photocycloaddition was more favorable
for the third- and fifth-generation dendrimers. Interestingly, the third- and fifth-generation dendrimers
could encapsulate phosphorescent donors into the dendrimer nanocavities. When the dendrimers
capturing the donors were excited at 365 nm, photocycloaddition proceeded efficiently through triplet–
triplet energy transfer. By analyzing phosphorescence spectra with theoretical Perrin’s formula, we found
that this triplet–triplet energy transfer is quenched within a radius of w0.5 nm. Such triplet–triplet
energy transfer within dendrimer nanocavities would provide promising strategy to design and fabricate
novel molecular devices by utilizing the dendrimers.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction h i

Molecular interactions between ground and excited states of

organic chromophores have been a long-standing subject of
considerable interest [1]. Among these interactions, excited
energy or electron transfers from excited donor to acceptor
species are crucial photophysical events in molecular assemblage
systems. In particular, energy transfer (ET) plays a considerable
role not only in the natural phenomenon of photosynthesis [2],
but also in the technological advancement of the performance of
organic light-emitting diodes (OLEDs) [3]. This kind of process
takes place not only by a radiative process through the absorp-
tion of emitted photon, but also by a non-radiative process.
Moreover, the latter process is divided into two mechanisms:
singlet–singlet energy transfer by dipole–dipole interaction (S-
ET: Förster transfer) [4] and triplet–triplet energy transfer by
electron exchanges (T-ET: Dexter transfer) [5]. The rate constants
(kET) for S-ET and T-ET process can be described by the following
equations:
terials Science (NIMS), 1-2-1
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S-ETðF€orster transferÞ : kETðF€orsterÞz ðfDfAÞ=v2R6
DA J (1)

T-ETðDexter transferÞ : kETðDexterÞze�2RDA=LJ (2)
where fD and fA mean the oscillator strengths of the donor and
acceptor transition, respectively. L is a constant related to an
effective average orbital radius; J, the spectral overlap integral; and
RDA, the distance between the donor and the acceptor. According to
Eq. (1), the rate of S-ET decreases with RDA

�6. Therefore, the transfer
range in S-ET can reach 10 nm due to dipole–dipole interaction.

On the other hand, T-ET by electron exchanges is a very impor-
tant type of energy transfer observed in diffusion-controlled
conditions such as rigid solutions and glassy solid states [1b,5]. This
is because the T-ET process requires electrical collisions between
donor and acceptor during the relatively long lifetime of the donor
at triplet excited state. Consequently, T-ET takes place within typi-
cally short range of 0.3–1.0 nm. This phenomenon follows Eq. (2).
Therefore, the T-ET rate decreases exponentially with �2RDA. This
process is strongly dependent on the distance between donor and
acceptor on nanometer scale. Recent advances in the OLED research
realm have facilitated the enhancement of the light-emitting effi-
ciency by utilizing the photophysical T-ET process [3].

In this context, dendrimers have been attracting currently
considerable interests from photochemical and photophysical
rights reserved.
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viewpoints, because they are radically branched polymers with
well-defined spherical shapes at nanometer scale [6]. By utilizing
the intrinsic molecular structure, the intramolecular photoexcited
S-ET process with dendrimers is a widely investigated research
topic. The major concern of S-ET with dendrimers is the artificial
organization of highly efficient light-harvesting antennas, similar to
photosynthesis. On the other hand, to date, the research progress of
photoexcited T-ET in dendrimers trails that of S-ET. This situation
motivates us to evaluate the photoexcited T-ET process within
dendrimers by taking note of the following features. First, the T-ET
process takes place within scale of a few nanometers by electron
exchanges of both highest occupied molecular orbitals (HOMOs)
and lowest unoccupied molecular orbitals (LUMOs) between donor
and acceptor according to Eq. (2). Secondly, high-generation den-
drimers have an intrinsic property that organic dyes, nanoparticles
and so forth are encapsulated in the internal dendrimer cavities
with nanometer scales so as to prevent them from interacting with
the surrounding molecules [7]. However, to the best of our
knowledge, there are a few reports on photoisomerizations in
dendrimers through the photoexcited T-ET [6c,8] or electron
transfer process [9]. In contrast, we found preliminary data that
show [2þ2] photocycloaddition of trans-cinnamamide attached to
dendrimers can proceed readily through the photoexcited T-ET
process when phosphorescent donors are encapsulated into the
dendrimer cavities [10]. The mechanism of spectral changes still
remains obscure from photophysical viewpoint. This paper
describes the details of the photochemical behaviors of poly-
(propylene imine) dendrimers tethering cinnamamide groups and
the photophysical T-ET process by encapsulating the phosphores-
cent donors in the dendrimer cavities. By measurements and
analyses of the absorption, phosphorescent and mass spectra, it
was revealed that highly efficient photocycloaddition of den-
drimers takes place through the photoexcited T-ET process in
nanometer scale, as depicted in Fig. 1. In particular, the detailed
analysis of phosphorescence spectra in combination with theoret-
ical Perrin’s formula revealed that the present T-ET process from
the benzophenone donors is completely quenched by trans-cin-
namamide acceptors within a radius of w0.5 nm.
2. Experimental section

2.1. Synthesis of cinnamamide-terminated dendrimers

For the purpose of this study, we synthesized the first-, third-
and fifth-generation poly(propylene imine) dendrimers (G1, G3 and
Fig. 1. Schematic research concept of photoinduced triplet–triplet energy transfer
(T-ET) in dendrimer nanocavities leading to intramolecular photocycloaddition reac-
tion. Blue zigzag lines denote cinnamamide units, and red ellipses are Michler’s ketone
(MK) molecules as phosphorescent donors.
G5, respectively) covalently modified with photoreactive cinna-
mamide groups at the peripheral positions. The chemical structures
are shown in Fig. 2. The first-, third- and fifth- generation poly-
(propylene imine) dendrimers were converted into photoreactive
dendrimers through reaction with trans-cinnamamide chloride in
the presence of triethylamine. The resultant dendrimers were
purified by repetitive dialysis and reprecipitation to obtain a nar-
rowed dispersion of molecular weights. The chemical structures
were characterized by 1H and 13C NMR, electrospray ionization
(ESI) mass, matrix assisted laser desorption/ionization-time of
flight (MALDI-TOF) mass and size-exclusion chromatography (SEC)
measurements. For comparison with photochemical properties of
the dendrimers, trans-cinnamamide (G0) was used after
recrystallization.

G1. 1H NMR (300 MHz, CDCl3, 23 �C, TMS) d [ppm]: 1.45 (s, 4H,
NCH2CH2CH2CH2N), 1.69 (m, 8H, NCH2CH2CH2N), 2.43 (m, 12H,
NCH2CH2CH2N, NCH2CH2CH2CH2N), 3.43 (m, 8H, CH2NHCO), 6.52
(d, J¼ 16 Hz, 4H, ArCH]CHCO), 7.26 (br, 4H, CONH), 7.27 (m, 12H,
Ar-H), 7.28 (m, 8H, Ar-H), 7.46 (d, J¼ 16 Hz, 4H, ArCH]CHCO). MS
calculated for C52H64N6O4: 836; (ESI, positive) found 837 [MþH]þ

and 859 [MþNa]þ.
G3. 1H NMR (300 MHz, CDCl3, 23 �C, TMS) d [ppm]: 1.45–1.65

(br, 60H, NCH2CH2CH2CH2N, NCH2CH2CH2N, NCH2CH2CH2NH),
2.41–2.91 (br, 84H, NCH2CH2CH2N, NCH2CH2CH2CH2N), 3.44 (br,
32H, CH2NHCO) 6.52 (br, 16H, ArCH]CHCO), 7.02 (br, 16H,
CH]CHCONHCH2), 7.26–7.44 (br, 80H, Ar-H), 7.62 (d, J¼ 16 Hz, 16H,
ArCH]CHCO). MS calculated for C232H304N30O16: 3768; (MALDI-
TOF, positive) found 3769 [MþH]þ, 3808 [Mþ K]þ.

G5. 1H NMR (600 MHz, CDCl3, 23 �C, TMS) d [ppm]: 1.41–1.78 (br,
252H, NCH2CH2CH2CH2N, NCH2CH2CH2N, NCH2CH2CH2NH), 2.32–
3.43 (br, 500H, NCH2CH2CH2N, NCH2CH2CH2CH2N, CH2NHCO),
6.51–7.68 (br, 512H, ArCH]CHCO, CH]CHCONHCH2, Ar-H). 13C
NMR (150 MHz, CDCl3, 23 �C) d [ppm]: 24.1 (NCH2CH2CH2CH2N,
NCH2CH2CH2N), 27.0 (NCH2CH2CH2NHCO), 37.9 (CH2CH2NHCO),
51.1–51.9 (N(CH2)3), 121.6 (ArCH]CHCO), 127.8 (C-Ar), 128.8 (C-Ar),
129.5 (C-Ar), 134.9 (C-Ar), 140.2 (ArCH]CHCO), 166.8 (CO). IR (KBr)
v [cm�1]: 3270 (N–H stretch), 3061 (sec. N–H stretch), 2943 (C–H
sat.), 1662 (C]O (amide I)), 1616 (Ar and HC]CH), 1551 (N–H bend
(amide II)).

2.2. General techniques and physical measurements

The synthesized dendrimers were characterized by 1H NMR, ESI
mass, MALDI-TOF mass and SEC measurements. 1H NMR spectra
Fig. 2. Chemical structures of trans-cinnamamide (top, G0) and photoreactive den-
drimers bearing trans-cinnamamides at the peripheral positions (bottom: G1, G3 and
G5).



Table 1
Physical properties of photoreactive dendrimers bearing cinnamamide units.

G1 G3 G5

Mw
a 905 4103 16084

Calcd m/z 837 3768 15497
Mw/Mn

b 1.01 1.02 1.02
Tm

c (�C) 150 103 93
RG

d (nm) 0.7 0.9 1.6

a Molecular weights (Mws) were estimated from SEC with poly(styrene)
standards.

b Mw/Mn means molecular weight distribution.
c Tm means melting point.
d Gyration radii of the dendrimers (RG) were estimated by molecular simulation.

Fig. 3. Molecular models of G1, G3 and G5 optimized by computer simulation. Gray,
red, blue and white parts correspond to carbon, oxygen, nitrogen and hydrogen,
respectively.
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were recorded on Fourier transform (FT) NMR spectrometers (JEOL,
JNM-LA 300 or JNM-ECP 600) with tetramethylsilane (TMS) as an
internal standard. 13C NMR spectra were measured by FT-NMR
spectrometer (Bruker BioSpin, DRX-600). Mass spectra were
recorded on an ESI mass spectrometer (Bruker Daltonics, Esquire
3000) for G1 and a MALDI-TOF mass spectrometer (Shimadzu,
KRATOS MALDI IV time-delayed extraction) for G3 and G5. FT-IR
spectrum of G5 was taken on an infrared spectrometer (Perkin–
Elmer, Spectrum GX-Raman). SEC profile was recorded on a pump
system (Waters, 600) equipped with a column (Waters, Styragel HR
3 with 100 nm pore size) and a tunable absorption detector
(Waters, 486) using tetrahydrofuran as eluent. The molecular
weights obtained from the SEC profile were calibrated on the basis
of standard poly(styrene)s (Showa denko, Shodex SL-105;
Mw¼ 5.8� 102 to 2.1�104). The thermal characteristics were
evaluated using melting point apparatus (Yanaco, MP-S3). Molec-
ular dynamics simulations (Molecular Simulations, Cerius2) were
carried out on the basis of DREIDING force field. SMART algorithm
was employed to minimize the energy of molecular structures. The
simulations did not contain effect of the surrounding solvents,
providing thereby the molecular shape in vacuum environment.

Photoirradiation with UV light was performed using a 200 W
Hg–Xe lamp (San-ei Electric MFG. CO., UV Supercure-203S)
equipped with appropriate glass filters. The light intensity was
measured using a power energy analyzer (Coherent, Field Master)
equipped with a semi-conducting sensor (Coherent, Smart Sensors
LM-2 UV). Electronic absorption spectra were recorded on a scan-
ning spectrophotometer (Hitachi, U-4000). Phosphorescence
spectra were measured using a scanning spectrofluorometer under
nitrogen atmosphere (Hitachi, F-4500).

3. Results and discussion

3.1. Characterization of cinnamamide-terminated dendrimers

NMR, MS and SEC measurements of the synthesized dendrimers
revealed nearly full modification of trans-cinnamamide residues at
the termini of poly(propylene imine) dendrimers, as follows.
Although G1, G3 and G5 appeared nearly identical in terms of their
1H NMR spectra, we found that the resonant peaks broaden with an
increase in the dendrimer generation. The cinnamamide groups
were assigned to be thoroughly trans-isomer from the coupling
constants of the alkene protons with 16 Hz in 1H NMR spectra. We
clearly observed the coupling constant of G1 and G3. By mass
spectral analysis, it was found that G1 and G3 show corresponding
molecular weight in ESI and MALDI-TOF mass spectra, respectively.
However, we could not obtain clear peak of G5 not only in ESI, but
also in MALDI-TOF mass spectrum. This probably happened
because the difficulty in ionization of high molecular weights. Such
observation is consistent with several precedent of poly(propylene
imine) dendrimers tethering oligo(p-phenylene vinynele) or pyr-
ene moieties [11]. Therefore, we measured 13C NMR and FT-IR
spectra of G5. The results are shown in Section 2 and Supplemen-
tary material (Fig. S1). SEC measurement was carried out in order to
evaluate purity of the synthesized dendrimers. As compiled in Table 1,
we found that the dendrimers exhibit relatively high purity.

Moreover, we carried out molecular simulation in order to
obtain clues with regard to both the molecular shape of dendrimer
and the steric crowding of cinnamamide units on the dendrimer
surface. Fig. 3 shows the molecular models of G1, G3 and G5. The
molecular shape became spherical with an increase in the den-
drimer generation. As can been seen from this model, it was found
that the dendrimer backbones of G3 and G5 are blinded by the
trans-cinnamamide groups settled at the dendrimer peripheral
positions. The radii of gyration estimated from the molecular
models were a few nanometers in scale (Table 1), and similar value
of phenylalanine- and pyrene-functionalized poly(propylene
imine) dendrimers [11b,12].
3.2. Photochemical reactions of dendrimers

When trans-cinnamamide and its derivative are irradiated with
UV light at 313 nm, the compounds typically exhibit two photo-
chemical reactions: trans-to-cis photoisomerization and [2þ2]
photocycloaddition (photodimerization) [13]. As presented in



Fig. 4. Absorption spectral changes of dilute solutions of G0 (trans-cinnamamide) (a)
and G5 (b) in dichloromethane upon photoexcitation with 313 nm light.
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Scheme 1, the cis-cinnamamide produced by photoisomerization is
in the equilibrium state, reversibly yielding the initial trans-isomer,
whereas [2þ2] photocycloaddition is irreversible due to new
cyclobutane formation between two trans-cinnamamide units
according to Woodward–Hoffmann rule.

In this study, the photochemical behavior of the dendrimers
with peripheral cinnamamides was monitored by recording the
absorption spectra of the diluted dichloromethane solutions upon
exposure to 313 nm light for excitation of trans-cinnamamide
groups. Fig. 4 shows representative results of changes in absorption
spectra of G0 (trans-cinnamamide) and G5 dilute solutions as
a function of exposure energy of 313 nm light, respectively. The
spectra of G1 and G3 are shown in Supplementary material
(Fig. S2). All compounds were prepared at a concentration of
3.0�10�5 mol l�1 in terms of the cinnamamide unit. Before UV
exposure, wavelengths at absorption maxima (lmax) and spectral
shape between G0 and G5 were similar to each other. Photoexci-
tation of the solutions with 313 nm light gave rise to monotonous
reduction in the electronic absorption band of trans-cinnamamide
unit from 220 to 320 nm. Such spectral changes occurred by both
trans-to-cis photoisomerization and [2þ2] photocycloaddition.
Fig. 4(b) shows the spectra of the G5 solution. Two isosbestic points
at 245 and 315 nm could be observed at the early stage of exposure
to 313 nm light, suggesting the dominant occurrence of photo-
isomerization. Further UV excitation over 2.0 J cm�2 dose brought
about gradual decrease in the absorbance, accompanied by devia-
tion from the isosbestic point at 245 nm due to photocycloaddition.
In contrast, a non-dendrimer molecule of G0 (trans-cinnamamide)
exhibited isosbestic points during the course of UV excitation with
30 J cm�2 dose, as shown in Fig. 4(a). This result implies that UV
excitation of the G0 solution leads to exclusive trans-to-cis photo-
isomerization to attain the photostationary state. We found that
photochemical behavior of G5 is quite different from that of G0.

In order to obtain further insight into the photochemical
behavior, we estimated the changes in the photoproduct distribu-
tion of trans- (ftrans) and cis-isomer (fcis) and cycloadduct (fcyclo) of
cinnamamide groups as a function of the exposure energy
of 313 nm light. From the spectral alterations, the molar fraction of
photoproducts could be estimated according to the following
equations [14]:

ftrans ¼
3trans

ð3trans � 3cisÞ

"
A
A0 �

�
3cis

3trans

� 
Aiso

A0
iso

!#
(3)
Scheme 1. Photochemical reactions of cinnamamide derivatives: trans-to-cis photo-
isomerization and [2þ2] photocycloaddition.
fcis ¼
3trans

ð3trans � 3cisÞ

"
Aiso

A0
iso

�
�

A
A0

�#
(4)

fcyclo ¼ 1� Aiso

A0
iso

(5)

where 3trans and 3cis are the molar extinction coefficients of the
trans- and cis-cinnamamides at lmax, respectively. A and Aiso

represent the absorbances at the wavelength at maximum
absorption (lmax¼ 270 nm) and at the isosbestic point
(liso¼ 248 nm), respectively. A0 and A0

iso are the absorbances at the
wavelengths at the initial state.

Fig. 5 shows the changes in photoproduct distribution of G0,
G1, G3 and G5 as a function of exposure energy of 313 nm light.
All compounds consumed fractions of trans-cinnamamide unit at
early stages of UV excitation. In particular, G0 showed quite fast
rate of the trans-isomer consumption. This occurred from the
predominant trans-to-cis photoisomerization of G0, resulting in
negligible formation of the photocycloadduct, as shown in
Fig. 5(a). In addition, we found that the rate of photo-
cycloaddition is markedly affected by the dendrimer generation.
Higher generation dendrimers gave large molar fraction of
photocycloadduct [closed squares in Fig. 5(a)–(d)]. In general,
[2þ2] photocycloaddition of trans-cinnamoyl derivatives takes
place at a distance of ca. 4 Å between the neighboring molecules
in the crystalline solid states [13]. This fact and our observation



Fig. 5. Changes in photoproduct distribution of trans- (open circles), cis-isomer (open
triangles) and photocycloadduct (closed squares) of cinnamamide units in G0 (a), G1
(b), G3 (c) and G5 (d) as a function of exposure energy of 313 nm light.

Table 2
Photocycloadduct percentages of cinnamamides after photoexcitation with 313 nm
light of 30 J cm�2 dose.

C (mol l�1)a G0b (%) G1 (%) G3 (%) G5 (%)

6.0� 10�6 5 20 41 50
3.0� 10�5 6 22 41 50
3.0� 10�4 9 29 43 54
In pMMA filmc 5 45 52 60

a Concentration of cinnamamides in solutions.
b trans-Cinnamamide.
c Cinnamamide units of 9 wt% dispersed in pMMA.
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imply that when trans-cinnamamide units were attached to the
peripheral surfaces of the higher generation dendrimers, pho-
tocycloaddition could be generated even in dilute solutions due
to restricted molecular motion by steric crowding on the den-
drimer surfaces. This is supported by the molecular models of
Fig. 3.
Previously, such steric crowding behavior at molecular level has
also been analyzed by fluorescence spectroscopic measurements.
Crooks and Baker reported that excimer emission from ground-
state dimers is observed for dilute solutions of higher generation
poly(propylene imine) dendrimers covalently modified with pyr-
ene units [11b]. It is known that pyrene or its related aromatic
compounds show excimer fluorescence by overlap of p orbital at
a distance of ca. 4 Å from each other [1]. Ghaddar et al. also
observed excimer emission for solutions of a third-generation
Frechét-type dendrimer comprising of benzylic alcohol building
blocks and naphthalene peripheral groups [15]. The precedents are
very consistent with our observation.

Table 2 summarizes photocycloadduct percentages of cinna-
mamides of G0, G1, G3 and G5 in various conditions after excitation
with 313 nm light at a dose of 30 J cm�2. In the solutions, the
cycloadduct percentages were dependent on the dendrimer
generation rather than the concentration. It was found that there is
no remarkable difference in retention time of the dendrimers in
SEC measurements before and after UV exposure, suggesting the
intramolecular photocycloaddition of cinnamamide units. Similar
photocycloadduct behavior was also observed for spin-coated film
of cinnamamide compounds dispersed in amorphous poly(methyl
methacrylate) (pMMA) matrix, as compiled in Table 2. The
concentration of cinnamamide units was 9 wt% with respect to
pMMA. Taking into account the precedents and our overall results,
it is plausible that free volume of the chromophores modified on
the outermost dendrimer surfaces is reduced by the restriction of
segmental motion not only in the solutions, but also in the
dispersed polymer films.
3.3. Encapsulation of phosphorescent donor in dendrimers

Pure G1, G3 and G5 show photosensitivity limited to deep
ultraviolet region below 330 nm due to the absorption band of
trans-cinnamamide units, as shown in Fig. 4 and Fig. S1. Therefore,
photochemical reactions involving photoisomerization and photo-
cycloaddition are commonly forbidden by excitation with 365 nm
light. This is because there is no intrinsic absorption band of trans-
cinnamamide around 365 nm.

In order to overcome this obstacle, we attempted encapsulation
of phosphorescent donor molecules in the photoreactive den-
drimer. By adding suitable organic compounds as the phospho-
rescent donor, the photosensitivity of trans-cinnamoyl units can be
broaden and increased in a longer wavelength range, in which the
cinnamoyl units never harvest directly. This chemical doping
facilitates photoexcited non-radiative T-ET process from the triplet
donor to the cinnamoyl moieties at triplet state, leading to the
anticipation of more efficient photocycloaddition by irradiation
with low energy [16]. In addition, typical high-generation den-
drimers have the intrinsic capability to encapsulate organic dyes,
metal ions and so on as guests into the nanometer cavities of the
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dendrimer molecules, thereby providing an isolated space to guest
compounds [7].

We attempted to encapsulate 4,40-bis(dimethyl-amino)-
benzophenone (Michler’s ketone; MK) in G1, G3, and G3 according
to the experimental procedure of a previous report [17]. MK was
used as phosphorescent donor, because its triplet energy level (275
kJ mol�1) is close to that of trans-cinnamoyl derivative (229
kJ mol�1) [18]. It was found that both G3 and G5 have capability to
encapsulate MK into the dendrimer cavities, whereas there was no
MK molecule encapsulated in G1.

Fig. 6 shows absorption spectra of G3 and G5 with MK,
respectively. The number of MK molecules encapsulated in G3 and
G5 could be estimated from the absorption spectra with molecular
extinction coefficients of trans-cinnamamide and MK. It was found
that three and eight molecules of MK are encapsulated on the
average into G3 and G5, respectively. Hence, the resultant G3 and
G5 capturing MK are abbreviated as MKIG3 and MKIG5,
respectively. Differential scanning calorimeter (DSC) measure-
ments of both MKIG3 and MKIG5 revealed new endothermic
peaks at 95 and 87 �C upon secondary heating, respectively,
accompanied by disappearance of melting points of the pure den-
drimers and MK. The profiles are shown in Fig. 7. The results imply
good miscibility of MK in G3 or G5 without phase separation,
arising from the absolute encapsulation of MK into the dendrimer
nanocavities.
Fig. 6. Absorption spectral changes in MKIG3 (a) and MKIG5 (b) dispersed in pMMA
film upon exposure to 365 nm light.
3.4. Triplet–triplet energy transfer in dendrimers

Fig. 6 shows the spectral changes in MKIG3 and MKIG5
dispersed in pMMA film upon exposure to 365 nm light, respec-
tively. At initial state, both dendrimers exhibited two absorption
bands centered at 370 and 280 nm, which are attributed to MK and
trans-cinnamamides, respectively. Photoexcitation of MK with
365 nm light led to abrupt reduction in the band of trans-cinna-
mamide units as a result of T-ET from the MK donor to the
peripheral trans-cinnamamides of dendrimers [19]. Upon pro-
longed exposure to 365 nm light, the absorption band of MK
declined slightly due to the photochemical bleaching of hydrogen
abstraction. By considering the photobleaching rate of MK (fMK) in
Eqs. (3)–(5), we estimated the changes in photoproduct distribu-
tion from the changes in absorption spectra as follows:

ftrans ¼
3trans

3trans � 3cis

" 
A� AB

A0

!
�
�

3cis

3trans

� 
Aiso � AB

iso

A0
iso

!#
(6)

fcis ¼
3trans

3trans � 3cis

" 
Aiso � AB

iso

A0
iso

!
�
 

A� AB

A0

!#
(7)

fcyclo ¼ 1�
 

Aiso � AB
iso

A0
iso

!
(8)

fMK ¼
AMK

A0
MK

(9)

where AB, Aiso
B and AMK are absorbances at 274, 252 and 362 nm of

photobleached MK by irradiation with 365 nm light, respectively.
And AMK

0 is the absorbance at 362 nm before photoirradiation.
The results of photoproduct distribution are shown in Fig. 8.

With regard to MKIG3, the photoisomerization of trans-cinna-
mamides leveled off at an early stage of UV exposure with
0.3 J cm�2 to reach 20% of cis-cinnamamides. On the other hand,
photocycloaddition proceeded monotonously. MKIG3, in
comparison to pure G3 excited at 313 nm, consumed an eminently
low energy of 365 nm to attain the photostationary state, as pre-
sented in Fig. 5(c). Additionally, the photocycloaddition rate of
MKIG3 was higher than that of pure G3. Similar photoreactive
behavior could be observed for MKIG5. In order to clarify the
encapsulation effect of MK in the dendrimers, we measured the
absorption spectra of a simple mixture of MK and G1 at their
equimolar ratio. The results are shown in Supplementary material
Fig. 7. DSC profiles of MK, G3, MKIG3, G5 and MKIG5.



Fig. 8. Changes in photoproduct distribution of trans- (open circles), cis-isomer (open
triangles) and photocycloadduct (closed squares) of cinnamamide unit and MK (closed
diamonds) in MKIG3 (a) and MKIG5 (b) as a function of the exposure energy of
365 nm light.

Fig. 9. MALDI-TOF mass spectra of MKIG3 measured before (gray spectrum) and after
photocycloaddition (black spectrum) through photoexcited triplet energy transfer
process.
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(Fig. S3). This mixture of MK and G1 exhibited the retarding
behavior in the photochemical reaction rate of cinnamamide units,
as compared with those of MKIG3 and MKIG5, probably due to
dispersion of MK outside of G1. The overall results support that the
encapsulation of MK within the dendrimers leads to efficiently
photochemical reaction of cinnamamide units. To elucidate the
structural identification of dendrimer with MK, we measured the
MALDI-TOF mass spectra of MKIG3 before and after photo-
cycloaddition. The results are shown in Fig. 9. Before UV excitation,
the un-reacted MKIG3 exhibited a peak at 3808 attributable to
pure G3 with potassium, probably due to desorption of MK from
the dendrimer cavities. However, the MKIG3 after photo-
cycloaddition showed a peak at 4574, corresponding to G3 encap-
sulated with three molecules of MK. In this way, the liberation of
MK from the dendrimer cavities can be disabled by the photo-
cycloaddition of dendrimers in the intramolecular way rather than
the intermolecular one through the photoexcited T-ET process. The
results allow us to conclude that photoexcited T-ET from MK in G3
enables the intramolecular photocycloaddition of MKIG3 with
low UV-exposure energy and high yield.

In order to further unravel the T-ET process in the dendrimers,
we measured phosphorescence spectra. Fig. 10(a) shows the
changes in phosphorescence spectra of MKIG3 upon exposure to
365 nm light. Before UV exposure, the phosphorescence spectrum
showed a broad emission from the encapsulated MK at 480 nm, as
shown in the Curve 1 of Fig. 10(a) [20]. In contrast, pure MK
dispersed in pMMA exhibited monomer emission band centered at
460 nm [18]. Such significant bathochromic shift with 20 nm in the
phosphorescence maximum can be rationalized in terms of colli-
sion complex [1]. In other words, MK molecules interact with trans-
cinnamamide units of G3 in the dendrimer cavity to form the
collision complex between MK and trans-cinnamamide units even
at triplet excited state. Interestingly, photoexcitation with 365 nm
light led to a gradual increase in the MK phosphorescence intensity,
accompanied by bathochromic shift of the phosphorescence
maximum, as a result of consumption of trans-cinnamamides
through the photoinduced T-ET process. Curve 2 in Fig. 10(a) shows
the phosphorescence spectrum at exposure energy with a dose of
0.8 J cm�2. By prolonged UV excitation, the phosphorescence
intensity was remarkably reduced at exposure doses larger than
0.8 J cm�2 probably due to phosphorescence quenching by the cis-
cinnamamide and cycloadduct. More importantly, the resultant
MKIG3 showed an emission at 460 nm assignable to the mono-
mer phosphorescence of MK, as presented in Curve 3 of Fig. 10(a).
This result is consistent with the absorption spectral measurement
that 90% of trans-cinnamamide is consumed at an exposure dose of
3.0 J cm�2, as shown in Fig. 8(a).

The phosphorescence quenching behavior can be analyzed by
using Perrin’s formula, leading to the estimation of quenching
radius (Rq) at which the excited MK is completely quenched. Per-
rin’s formula is defined as follows [1]:

In
�

I0
I

�
¼
�

4pR3
q=3
�

N0C (10)

where I0 and I are phosphorescence intensities of MK without and
with trans-cinnamamide units, respectively. N0 and C correspond to
the molecular number of a dissolved substance in 1.0 cm3 and the
molar concentration of trans-cinnamamides, respectively.

The experimental and theoretical results of MKIG3 and
MKIG5 are shown in Fig. 10(b). MKIG5 showed deviation from
the theoretical Perrin relation throughout UV excitation. This can
be rationalized by considering that the rate of T-ET process falls off
exponentially when the molecular distance between donor and
acceptor increases, according to Eq. (2).

In contrast to MKIG5, MKIG3 obeyed theoretical Perrin
relation of phosphorescence quenching at the early exposure stage
where trans-cinnamamide was reduced by half. From this result,
the Rq between MK and trans-cinnamamide was estimated to be
w0.5 nm. This obviously means that the present T-ET process
proceeds in the nanometer-scale vicinity of the triplet excited MK



Fig. 10. (a) Changes in phosphorescence spectra of MKIG3 dispersed in pMMA film
upon exposure to 365 nm light. The phosphorescence spectra of MKIG3 were
measured before (Curve 1) and after excitation with 365 nm light of 0.8 J cm�2 (Curve 2)
and 3.0 J cm�2 (Curve 3), respectively. (b) Phosphorescence quenching profiles of
MKIG3 (closed circles) and MKIG5 (open circles) as a function of concentration (C)
of trans-cinnamamide acceptor units. Thick and thin dashed lines indicate theoretical
Perrin’s relationships of phosphorescence quenching of MKIG3 and MKIG5,
respectively.
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donor. However, prolonged UV excitation brought about the devi-
ation from Perrin’s relationship due to quenching by the cis-cin-
namamide and cycloadduct. It seems that the collision complex
plays an essential role in the efficient generation of the present T-ET
process in MKIG3 by excitation with 365 nm light.
4. Conclusions

In conclusion, we have studied the photochemical behaviors of
photoreactive poly(propylene imine) dendrimers having cinnama-
mide groups at the terminal positions, and found the photophysical
process of photoexcited triplet–triplet energy transfer (T-ET) by
encapsulating phosphorescent donors in the photoreactive den-
drimer cavities. Poly(propylene imine) dendrimers were function-
alized with trans-cinnamamide units, showing trans-to-cis
photoisomerization and [2þ2] photocycloaddition, at the peripheral
positions. With an increase in the dendrimer generation, photo-
cycloaddition took place preferentially by photoexcitation with
313 nm light even in dilute solutions. Such photocycloaddition
behavior was strongly dependent on the dendrimer generation
irrespective of the solution concentration, implying that the trans-
cinnamamide moieties aggregate on the outermost surface of high-
generation dendrimer due to restricted molecular motion by steric
crowding. Moreover, the third- and fifth-generation dendrimers
enabled the capture of Michler’s ketone (MK) donors in the internal
dendrimer nanocavity. As a result, efficient photocycloaddition of the
trans-cinnamamides could be substantiated by photoexcitation with
365 nm light through T-ET from the donors. The excitation energy to
reach the photostationary state was one order of magnitude smaller
than that required by pure dendrimers by excitation with 313 nm
light. In order to unravel the T-ET process, phosphorescence spectra
were measured. By analysis with Perrin’s formula, we found that the
present T-ET process proceeds efficiently at w0.5 nm vicinity of
triplet excited MK molecules. This strategy provides us versatile
clues not only to understand the T-ET process isolated in nanometer
space [6d], but also to build the novel devices by the bottom-up
approach [21].
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Appendix. Supplementary material

13C NMR and FT-IR spectra of G5, absorption spectral changes of
a simple mixture of MK and G1, and absorption spectral changes of
dilute G1 and G3 upon excitation with 313 nm light are shown.
Supplementary material associated with this article can be found in
the online version, at doi:10.1016/j.polymer.2009.04.039.
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