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ABSTRACT: It is well-known that polystyrene-block-poly(n-butyl methacrylate) (PS-b-PnBMA) block
copolymers (BCPs) exhibit an hourglass-shaped phase diagram, resulting from the simultaneous appearance
of an upper order-to-disorder transition (UODT) and a lower disorder-to-order transition (LDOT). Here, the
phase behavior of three azobenzene-containing PS-b-PnBMA BCPs was investigated by small-angle neutron
scattering (SANS). As to their molecular weights of Mn = 24000, 40000, and 47000, the three copolymers are
designated as Azo24k, Azo40k, andAzo47k, respectively. Temperature-dependent SANS data show that Azo24k
andAzo40kBCPs are closer to their correspondingLDOTandUODT, respectively, whileAzo47kBCP locates in
themiddle of temperature interval betweenUODTandLDOT.This indicates that after incorporating azobenzene
functionalities into PnBMA blocks, the azobenzene-containing PS-b-PnBMA BCPs still exhibit both LDOT and
UODT, characteristic of the “compressibility” similar to their parent PS-b-PnBMABCPs.After exposing the films
of three azobenzene-containing PS-b-PnBMA BCPs to UV light with a wavelength of 365 nm, the photoisome-
rization of azobenzene produces light-induced motions and thereby gives rise to conformational increase and
density variation, which can result in a significant increase in entropy. As a consequence, three disordered
azobenzene-containing PS-b-PnBMA BCPs are driven toward LDOT.

Introduction

Design, synthesis, and engineering of photoresponsive polymers
are emerging areas of scientific interest and unexplored commer-
cial applications.1-5 As photoisomerization of azobenzene is a
clean and efficient reversible process, azobenzene-containing poly-
mers have been the center of interest in exploring light-responsive
polymers.6-12 The azobenzene molecule isomerizes from a stable
trans state to ametastable cis state uponUV irradiation, and the cis
isomer is able to be switched back to the trans by visible light or
heat. On the trans-cis conversion, azobenzene changes its molec-
ular shape and the distance between the para-positions is reduced
from 9 to 5.9 Å.8 Consequently, when azobenzene is incorporated
into a polymer, the photoisomerization can generate the motions
ranging from slight reorientation of the chromophore to massive
motion of the polymer materials.12-14

Block copolymers (BCPs), two ormore polymers connected by
a covalent bond at one end, self-assemble into a series of well-
defined nanostructures.15-21 Thus, the combination of the appeal-
ing features of azobenzene-containing polymers and BCPs is
anticipated to lead to intriguing systems. Most recently, Seki,
Iyoda, and Ikeda’s research groups11,22-24 have successfully con-
trolled microphase separation and microdomain orientation in
azobenzene-containing BCPs by linear polarized UV light, experi-
mentally demonstrating that light could be utilized to tune the
morphology of azobenzene-containing BCPs. Meanwhile, Balazs
and co-workers have predicted that long-range ordering of BCP
microdomains can be produced over a macroscopic scale by

successively sweeping BCPs with a series of light bands. These
light bands, in principle, would reversibly bring BCPs through an
ordering transition from a homogeneous mixture to an ordered
statewithmicrodomains of eachblock, so thatBCPmicrodomains
could be epitaxially “crystallized” in the growing front.25,26

In a previous study, we have reported that the photocontrol
over an ordering process froma disordered state could be achieved
in azobenzene-containing polystyrene-block-poly(n-butyl metha-
crylate) (PS-b-PnBMA) BCP mixtures.27,28 However, it is still
challenging to tailor such an ordering process in a controllable and
predictable fashion andhence requires comprehensive understand-
ing on the interplay between photoactivity andmicrophase separa-
tion. In this article, we have investigated the phase behaviors and
photoresponses of three deuterated polystyrene-block-poly(n-bu-
tyl methacrylate-random-2-(4-(phenylazo)benzoate)ethyl metha-
crylate) (d8-PS-b-P(nBMA-r-AzoEMA)) BCPs with different mo-
lecular weights (MWs) and compositions by small-angle neutron
scattering (SANS). It should be noted that in contrast to the classi-
cal, enthalpy-driven upper order-to-disorder transition (UODT),
the parent PS-b-PnBMABCPsmicrophase-separate uponheating,
that is, a lower disorder-to-order transition (LDOT) that origi-
nates from an increase in entropy due to the disparities in
compressibilities of two blocks.29-47 After the integration of
azobenzene functionalities into PnBMA blocks, all three d8-PS-b-
P(nBMA-r-AzoEMA) BCPs still maintain the “compressible”
nature, but the phase behaviors become highly dependent on the
temperature dependence of χ. Although the LDOTmay also arise
from directional interactions, PS and PnBMA are weakly inter-
acting without special interactions, like hydrogen bonds and strong
dipole-dipole interactions, especially at an elevated temperature
higher than 130 �C. Moreover, for the P(nBMA-r-AzoEMA)
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random copolymer block, it is more difficult to develop a
directional interaction pairwithPS. Thus, the effect of directional
interactions could be ignored. Upon UV irradiation, all of the
three disordered d8-PS-b-P(nBMA-r-AzoEMA) BCPs were dri-
ven toward the LDOT due to a gain in entropy from the motions
generated by the photoisomerization of azobenzene.

Experimental Section

Three d8-PS-b-P(nBMA-r-AzoEMA) BCPswithMWs ofMn=
24000, 40000, and 47000 (designated as Azo24k, Azo40k, and
Azo47k, respectively) were synthesized through combining sequen-
tial anionic polymerization and postfunctionalization in a similar
way reported previously.27,48 Shown in Scheme 1 is the chemical
structure of d8-PS-b-P(nBMA-r-AzoEMA) BCPs. MWs and poly-
dispersity indices (PDIs) of d8-PS-b-P(nBMA-r-AzoEMA) BCPs
were characterizedbygel permeation chromatography (GPC) using
aKnauerK-501 Pumpwith aK-2301 refractive index (RI) detector
and a K-2600 UV detector and a column bank consisting of two
Polymer Laboratories PLGelMixed D columns and one PLGel 50
Å column (15� 300mm) inTHFas eluent at a flow rate of 1.0mL/
min against linear polystyrene standards. Their compositions were
determinedby1Hnuclearmagnetic resonance (NMR) spectroscopy
in CDCl3 on Br€uker Avance 400 (1H) spectrometer with a Br€uker
BBO5 probe. Table 1 summarizes the characteristics of Azo24k,
Azo40k, andAzo47kBCPs.As reportedpreviously,Tgs ofPnBMA
and PAzoEMAare 25 �C49 and 87 �C,48 respectively. According to
Fox equation of the glass transition, it is estimated that Tg of
azobenzene-functionalized P(nBMA-r-AzoEMA) copolymers are
around ∼50 �C, well above room temperature.

Temperature-dependent SANSmeasurementswereperformed
at the NG7 30 m SANS instrument at the National Institute of
Standards and Technology in Gaithersburg, MD (see ref 50 for
details of instrument design andoperation) from130 to 200 �Cwith
an interval of 10 �C. The wavelength of neutrons, λ, is 6 Å with full
widthhalf-maximumΔλ/λ=0.11.Three configurationswere used:
one with the detector offset by 20 cm and a sample-detector
distance of 1 m, the second with a sample-detector distance of
4 m, and the third with a sample-detector distance of 13 m. The
measured scattering intensity was corrected by instrument dark

current, empty cell scattering, the sensitivity of individual detector
pixels, and beam transmission. The absolute neutron scattering
intensitywasobtainedbyuseof theavailabledata reductionmacros
based on the Igor Pro data analysis package through the direct
beam flux method.51 To elicit the effective interaction parameter,
χeff, SANS data in the absolute intensity were analyzed by the
smeared random phase approximation (RPA) model for di-
BCPs.39,52-56 The coherent scattering intensity for di-BCPs in the
disordered state I(q) is related to the product of contrast factor and
structure factor S(q), which can be expressed as

IðqÞ ¼ Kða- bÞ2SðqÞ ð1Þ
with

SðqÞ ¼ GðqÞ
WðqÞ- 2χeff

� �- 1

ð2Þ

whereq is themagnitudeof the scatteringvector,K is aproportional
constant, a and b are the coherent neutron scattering length
densities, and χeff is the effective interaction parameter. In eq 2,
G(q) is the sum of Fourier transforms of the different density-
density correlation functions in the system

GðqÞ ¼ GAAðqÞþ 2GABðqÞþGBBðqÞ ð3Þ
andW(q) is the determinant of these same terms

WðqÞ ¼ GAAðqÞGBBðqÞ- fGABðqÞg2 ð4Þ
GAA(q), GBB(q), and GAB(q) in eqs 3 and 4 are the generalized
correlation functions for a melt of polydisperse Gaussian A-b-B or
A-b-CxD1-x di-BCP coils with unequal Kuhn lengths of two
segment types (the detailed expressions are given in the Supporting
Information). The incoherent scattering intensity was set as one of
the fitting parameters and was corrected for the fitting results.

Bulk samples for the SANS measurements were prepared by
compression-molding Azo24k, Azo40k, and Azo47k BCPs into
1.5 cm diameter disks with ∼0.8 mm thickness at 130 �C. The
disks were then annealed at 130 �C under vacuum for 72 h.
Samples for SANSmeasurements were placed into demountable
titanium cells fitted with quartz windows. The entire assembly
was mounted on a remote-controlled multisampling block with a
heating setup designed for the neutron spectrometer. Prior to
each measurement, the samples were allowed 30 min to achieve
thermal equilibrium. The temperature was monitored and con-
trolled by a thermocouple located in close proximity to the
samples. The temperature control was within (1 �C at each
temperature.

Table 1. Characteristics of Three d8-PS-b-P(nBMA-r-AzoEMA)
Copolymers

a

Mn Mw PDI
d8-PS:PAzoEMA:PnBMA

(wt %)

Azo24k 24 000 25 000 1.04 58.3:16.7:25.0
Azo47k 47 200 52 000 1.07 51.9:24.8:23.3
Azo40k 40 000 42 000 1.05 64.5:13.0:22.5

aThe weight fraction of d8-PS was determined by GPC and the ratio
of PAzoEMA and PnBMA was measured by 1H NMR.

Scheme 1. Chemical Structure of d8-PS-b-P(nBMA-r-AzoEMA) BCP and Its Associated Photoisomerization
a

aAzobenzene chromophores isomerize from the stable trans state into the metastable cis state upon UV irradiation. The cis isomers then can either
thermally relax back to the trans state or may be photoisomerized into that state by visible light.
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A Newport’s Oriel light source equipped with a high-power
mercury arc lamp (500W), a digital light intensity controller, and a
365 nm wavelength filters was used for investigating the photo-
responses of these d8-PS-b-P(nBMA-r-AzoEMA) BCPs in films.
Toluene solutions of Azo24k, Azo40k, and Azo47k BCPs were
spin-coated onto silicon wafers, forming the films with a thickness
of∼800nm.After annealingat 180 �Cundervacuumfor 48h, these
filmswere cut into twopieceswith the same shape and size.Onewas
kept in the dark; the other was exposed to UV light with a
wavelength of 365 nm and an intensity of 35 mW/cm2 for 1 h at
180 �C under N2. After UV treatments, the thin filmwas quenched
to low temperature using liquid nitrogen. SANS measurements
were performed on them at room temperature, and the incident
neutron beam was perpendicular to the films and repeated on the
same instrument in two different beamtimes.

Results and Discussion

Figures 1a, 2a, and 3a show a series of SANS profiles (the
absolute scattering intensity Iabs(q) vs q, where q is the scattering

vector given by 4π(sin θ)/λ with 2θ and λ denoting scattering angle
and wavelength) of Azo24k, Azo47k, and Azo40k BCPs, respec-
tively, at temperatures from 130 to 200 �C. In all the scattering pro-
files, a broad and diffusemaximumarising from the correlation hole
scattering was observed, indicating that the three BCPs are all in a
disordered state over the entire temperature range. The correspond-
ing full widths at half-maximum (fwhm) of the correlation hole
scattering maxima, which are determined by a smeared Lorentzian
fit, as a functionof the inversed temperatures are given inFigures 1b,
2b, and 3b. ForAzo24kBCP, the fwhm continuously increases with
the inversed temperature, similar to the trend observed in their
parent PS-b-PnBMA BCPs. In fact, this is typical for a disordered
BCP with a LDOT-type phase behavior. For Azo47k BCP, the
fwhm is almost temperature-independent. For Azo40k BCP, a
gradual decrease of the fwhm with increasing the inversed tempera-
ture corresponds to a UODT-type phase behavior of BCPs.

To elicit the empirical Flory-Huggins segmental interaction
parameter, χeff, we compared the calculated scattering profiles by

Figure 1. (a) SANS profiles (open symbols) and the smeared RPA calculations (solid lines) of the Azo24k BCP at different temperatures ranging
from 130 to 200 �C with an interval of 10 �C. Note: the profiles have been shifted vertically by a factor of 10 for clarity. (b) The corresponding
fwhm of correlation-hole scattering maximum as a function of temperature.

Figure 2. (a) Temperature-dependent SANS profiles (open symbols) and the smeared RPA calculations (solid lines) for the Azo47k BCP in the range
from 130 to 190 �Cwith an interval of 10 �C.Note: the profiles have been shifted vertically by a factor of 10 for clarity. (b) Corresponding fwhm of the
correlation-hole scattering maximum as a function of temperature.
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use of the compressible RPA model for di-BCPs on the basis of
the modified Leibler’s scattering function S(q) to the experimen-
tal data Iabs(q).

43,52,56-59 The representative calculated SANS
profiles of Azo24k, Azo47k, and Azo40k BCPs are indicated by
solid lines in Figures 1a, 2a, and 3a, respectively, and the ex-
tracted χeff of Azo24k, Azo47k, and Azo40k BCPs at each tem-
perature is shown in Figure 4. It is evident that the agreement
between the calculations and the experimental data is fairly good

over the entire scattering vector range, except for those data
points at very small q (q e 0.02 Å-1). This disagreement may
come from the approximation of the finite compressibility, in
which the compressible BCP melt is modeled by treating the free
volume as nonselective solvent molecules in an incompressible-
solvent system (see the Supporting Information for more details).
As expected, the temperature dependence of χeff for Azo24k,
Azo47k, and Azo40k BCPs exhibits a similar trend in the fwhm
as a function of the inversed temperatures. For Azo24k BCP, χeffN
increases from 6.155 to 6.670 as temperature increases from 130 to
200 �C; for Azo47k BCP, χeffN nearly keeps constant (∼10) within
the experimental temperature range; for Azo40k BCP, χeffN gra-
dually decreases from11.408 to 11.161 as temperature increases.All
these observed phenomena are similar to the general behaviors of
their parentPS-b-PnBMABCPs.PS-b-PnBMABCPmelts arewell-
known to exhibit an hourglass-shaped phase diagram, resulting
from the simultaneous appearance of a UDOT and a LDOT, in
accordance with numerous experimental observations30-35 and
compressible RPA calculations.29,36-46 More intriguing, Yeung
et al., who combined equation-of-state theory with standard des-
criptions of the order-to-disorder transition (ODT) in di-BCPs,
have theoretically predicted the temperature dependence of χeffN.
Upon heating, χeffN increases when the PS-b-PnBMABCP is close
to LDOT, whereas χeffN decreases when the PS-b-PnBMA BCP is
close to UODT. In the intermediate region between UODT and
LDOT, χeffN is almost temperature-independent. Similarly, it can
be anticipated that Azo24k and Azo40k BCPs are closer to LDOT
and UODT, respectively, whereas Azo47k BCP locates in the
intermediate region between UODT and LDOT. Consequently,
d8-PS-b-P(nBMA-r-AzoEMA) BCPs still remain the “compressi-
ble” nature of their parent PS-b-PnBMA BCPs.

Conventionally, the experimental χeff is simply expressed as
χeff = A þ B/T in the absolute temperature (K) for di-BCPs.15

For the LDOT systems, however, a more general expression
χeff =A/TþB lnTþC, whereA,B, andC are constants, is used
to represent the experimental χeff.

60 Using the latter expression,
the following χeff are determined: χeff = 1.27- 83.39/T- 0.17 ln
T forAzo24kBCP; χeff=0.25- 13.86/T- 0.031 lnT forAzo47k
BCP, and χeff = 0.33 - 15.76/T - 0.042 ln T for Azo40k BCPs.
This indicates that the phase behavior of d8-PS-b-P(nBMA-r-
AzoEMA) BCPs highly depend on the temperature-dependent
χeff. Furthermore, as can be seen, χeff of Azo24k BCP is compar-
able to that of PS-b-PnBMA BCP with a MW of Mn = 47200,

Figure 3. (a) Temperature-dependent SANS profiles (open symbols) and the smeared RPA calculations (solid lines) for the Azo40k BCP in the range
from 130 to 200 �Cwith an interval of 10 �C.Note: the profiles have been shifted vertically by a factor of 10 for clarity. (b) Corresponding fwhm of the
correlation-hole scattering maximum as a function of the inversed temperatures.

Figure 4. Temperature dependence of χeffN extracted from SANS data
of Azo24k (A), Azo47k (B), Azo40k (C) BCPs by a smeared RPA
calculation for binary mixtures of di-BCPs.
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which is close to LDOT (χeff=0.97-64.21/T-0.13 ln T),34 con-
firming that the integration of azobenzene functionalities does
not change the general phase behavior of PS-b-PnBMA BCPs.
In addition, the χeff of three d8-PS-b-P(nBMA-r-AzoEMA)
BCPs are very sensitive to the MW and composition of the
copolymers, that is, the “chemistry” characteristics of BCPs.
Currently, the influence of chemical details on the phase
behaviors of BCPs still remain to be interpreted both experi-
mentally and theoretically.

The photoresponses of three d8-PS-b-P(nBMA-r-AzoEMA)
BCPs were investigated by SANS in BCP films (Figure 5). The
SANS profiles for three BCP films exhibit a single, broad
correlation hole scattering maximum, identical to the corre-
sponding SANS results of their copolymer melts. After irradia-
tion with 365 nm UV light, the absolute intensity of correlation-
hole scattering, Imax(q), shows different types of responses from
these BCP films. ForAzo24k BCP, Imax(q) increases; for Azo 47k
BCP, Imax(q) keeps constant; for Azo40k BCP, Imax(q) decreases.
By fitting Iabs(q) to the above-described RPAmodel, the changes
of χeffN upon exposure to UV light were extracted. For Azo24k
BCP, χeffN increases from 5.187 to 5.280. For Azo47k BCP, χeffN

almost keeps unchanged (10.070 without UV irradiation and
10.076 after UV exposure). For Azo40k, χeffN decreases from
11.400 to 11.383. Clearly, UV irradiation has a similar effect to
temperature on the PS-b-P(nBMA-r-AzoEMA)BCPs: increas-
ing temperature drives the disordered BCPs toward LDOT, so
does UV irradiation. Such photoresponses originate from the
motions generated by the photoisomerization of azobenzene,
leading to a significant increase in entropy as a result of confor-
mational increase and density variation. As shown in our pre-
vious studies,27 however, the yield of azobenzene photoisome-
rization in BCP thin films, in comparison with those previously
reported azobenzene-containing polymers, would be still low
due to the thermo-induced backward cis-trans isomerization.
Consequently, only a weak driving force was generated upon
UV irradiation.

Conclusions

To summarize the phase behaviors and photoresponses of three
d8-PS-b-P(nBMA-r-AzoEMA) BCPs, a schematic temperature-
volume fraction diagram for three P(nBMA-r-AzoEMA) BCPs is
presented in Figure 6. Investigation of the phase behaviors has
demonstrated that after randomly incorporating azobenzene func-
tionalities into PnBMA blocks the d8-PS-b-P(nBMA-r-AzoEMA)
BCPs are still characteristic of the “compressibility”, similar to the
parent PS-b-PnBMA BCPs which exhibit both LDOT and
UODT. Usually, the LDOT decreases as MWs increases. The
UODT, on the other hand, increases with MWs.30-32,34,40,61

Azo24k and Azo40k BCPs are closer to their corresponding
LDOT and UODT, respectively, while Azo47k BCP locates in the
middle of temperature interval between UODT and LDOT. Upon
UV irradiation with a wavelength of 365 nm, the photoisomeriza-
tion of azobenzene produces light-induced motions in the BCPs
and thereby leads to conformational increase and density variation,
which gives rise to a significant increase in entropy. Such an
entropic gain drives the disordered d8-PS-b-P(nBMA-r-AzoEMA)
BCPs toward LDOT. Consequently, when a phase-mixed d8-PS-b-
P(nBMA-r-AzoEMA) BCP is very close to LDOT, UV exposure
would bring about a photoinduced ordering transition from a
homogeneous mixture to an ordered state with microdomains of
each block. Considering the reversed cis-trans isomerization of

Figure 5. SANS profiles (open symbols) and the corresponding
smeared RPA calculations (solid lines) for Azo24k (A), Azo47k (B),
and Azo40k (C) BCPs before (black) and after (red) exposure to UV
lightwith awavelength of 365 nmandan intensity of 35mW/cm2 for 1 h
at 180 �C under N2.

Figure 6. Schematic temperature-volume fraction diagram for
Azo24k (A), Azo47k (B), and Azo40k (C) BCPs. Both UODT and
LDOT for BCPs with different MWs are indicated by the black solid,
blue dashed, and red dotted lines. The solid and empty spheres
correspond to the state of three BCPs before and after UV exposure,
respectively.
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azobenzene induced by visible light, the reversible photocontrol
over such an ordering process is quite promising. As men-
tioned in the Introduction, by applying the photocombing
method via a reversibly photocontrollable ordering process
comparable to the classic zone refinement, long-range ordered
arrays of BCP microdomains could be created over a micro-
scopic distance without touching samples. Moreover, it is well-
known that PS-b-PnBMA BCP is also a representative
baroplastic;30-32,44,49 that is, the LDOT is very sensitive to
pressure so that an ordered BCP can be transformed into a
disordered state simply by applying hydrostatic pressure.62-66

Most recently, this pressure-dependent property has been
exploited for applications in data storage by using a scanning
probe tip to apply a localized pressure.67,68 Similarly, pressuremay
cause a local ODT for d8-PS-b-P(nBMA-r-AzoEMA) BCPs, mak-
ing it possible to revert UV-induced LDOT back. Accordingly,
the combination of UV irradiation and applying local pressure
would offer a novel way to reversibly control the LDOT in
d8-PS-b-P(nBMA-r-AzoEMA) BCPs.
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