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Linear diblock copolymers (BCPs) consist of two chemically
different chains, covalently end-linked together. The phase be-
havior of BCPs is determined by the volume fraction of one
block ( f ) and the product of χN, where χ is the Flory-Huggins
segmental parameter andN is the degree of polymerization of the
BCP. At low χN, BCPs are phase mixed and, with increasing in
χN, the BCP will microphase separate into ordered arrays of
lamellar, hexagonally packed cylindrical, or body-centered cubic
spherical microdomains or into a bicontinuous gyroid morpho-
logy, depending on the volume fraction of the components.1-3

Thin films of microphase-separated BCPs are being increasingly
used as scaffolds and templates for the fabrication of nanostruc-
tured materials.4

The phase behavior of BCPs can be more complex when
mixed with an additive that preferentially interacts with one of
the block. Not only will this affect the volume fraction of the
components, which can alter the nature of the morphology, but
the additive can have a significant effect on χN. This provides a
simple route to tune the microphase separation of BCPs. For
example, metal ions that selectively coordinate with one block
can result in a significant increase in χ and lead to a stronger
tendency toward microphase separation.5-7 Some small mole-
cules can be also selectively incorporated into one block by
hydrogen bonding, which not only can induce a transition from
disordered state tomicrophase separation8,9 but also can give rise
to hierarchically ordered morphologies10-12 due to the ordering
of the small molecules within the BCP microdomains.

Here, we report on the incorporation of an additive to one
block of a BCP via alkyne/azide click chemistry that can be used
to induce a disorder-to-order transition. “Click chemistry” has
recently been introduced13 to develop novel polymeric materials.14

The most well-known and widely used click chemistry reaction
is the “alkyne/azide click chemistry”, that is, Huisgen 1,3-dipolar
cycloaddition between terminal alkynes and azides to form a
1,2,3-triazole linkage. The reaction can occur at elevated temp-
erature without addition of catalyst and can also be catalyzed by
Cu(I) salt at room temperature.15,16

We first synthesized a poly(ethylene oxide)-block-poly(n-butyl
methacrylate-random-propargylmethacrylate) (PEO-b-P(nBMA-r-
PgMA)) diblock copolymer using atom transfer radical poly-
merization (ATRP) starting fromaPEOmacroinitiator (Scheme1).
The use of trimethylsilyl (TMS) groups has been reported by
several other groups as an efficient protecting group for the
terminal alkyne groups to avoid side reactions during radical
polymerization.17-20 TMS groups were then quantitatively re-
moved by tetrabutylammonium fluoride (TBAF). Gel permeation
chromatography (GPC) characterization (Figure S1) showed a
shift in the peak of the PEOmacroinitiator to a higher molecular
weight after polymerization and a polydispersity index of 1.10.

The 1H NMR spectrum (Figure S2) further confirmed the
chemical structure of the diblock copolymer. The diblock co-
polymer had a molecular weight of 19 kg/mol for the PEO block
and 10 kg/mol for the P(nBMA-r-PgMA) block. On average,
each polymer chain contained 33 PgMA repeating units. The
mole ratio between nBMA and PgMA repeating units was close
to their feed ratio, indicating the two monomers have similar
reactivity, in agreement with the results of Ladmiral et al.17

The bulk morphology of the neat BCP was determined by
small-angle X-ray scattering (SAXS) (Figure 1 and Figure S3).
SAXS profiles did not show any sharp reflections, suggesting
that the BCP was disordered or very weakly ordered over the
temperature range investigated. On the contrary, before depro-
tection of the TMS groups, the diblock copolymer phase sepa-
rated into a lamellar morphology with a period of 27.0 nm, as
seen by SAXS (Figure S4). Such a change in the morphology
suggests that miscibility of PEO block and P(nBMA-r-PgMA)
block may arise from a favorable interaction between PEO block
and terminal alkyne groups.

To test the click chemistry reactivity toward azide molecules,
rhodamine B azide was synthesized from rhodamine B (Scheme 2)
and mixed with the BCP with a mole ratio of 1:1 between PgMA
repeating units and rhodamine B azide molecules, i.e., equivalent
ratio between the terminal alkyne group and azide group. The
BCP and rhodamine B azide were dissolved in dichloromethane
at a weight fraction of 5%, drop-cast onto aKapton film, and an-
nealed at 110 �C under vacuum for 12 h. The SAXS profile of the
annealed sample (Figure 1) clearly showed sharp scattering peaks
occurring at q values of 0.191 nm-1 for the first-order reflection,
0.383 nm-1 for the second-order reflection, and 0.750 nm-1 for
the fourth-order reflection, indicating a lamellar morphology
with a domain spacing of 32.9 nm. Infrared spectra (IR) showed
that the peak at 2095 cm-1, which corresponds to stretching
vibration of azide group, disappeared after annealing (Figure S5).
On the other hand, when rhodamine B (no azide functionality)
was used, nomicrophase separationwas observed after annealing
(Figure 1). Actually, the SAXS profile indicated a macrophase
separation between unfunctionalized dye and the BCP. There-
fore, we can conclude that the cycloaddition between the terminal
alkyne groups and the azide groups occurred during annealing
and induced a transition from a disordered state to amicrophase-
separated state. After the reaction, the rhodamine B group is
attached to the side chain of P(nBMA-r-PgMA) block via 1,2,3-
triazole linkage. Such changes in chemical structure may lead to
nonfavorable interactions between the two blocks of modified
PEO-b-P(nBMA-r-PgMA) BCP, resulting in a microphase sepa-
ration. The volume fraction and chain conformation may also
change.

To determine whether the phase transition induced by the
alkyne/azide click chemistry can be also observed in thin films, a
0.9 wt% solution of the BCP and rhodamine B azide in amixture*To whom correspondence should be addressed.
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of benzene and dichloromethane (benzene:dichloroethane= 5:1
by weight) was spin-coated on silicon wafers yielding a 40 nm
thick film and annealed at 110 �C under vacuum for 12 h. The
mole ratio betweenPgMArepeating units and rhodamineB azide
molecules was 1:1. The surface morphology, shown in Figure 2,
was measured by scanning force microscopy (SFM) where a
wormlike texture was observed, indicative of a microphase-
separated morphology at the surface of the film. Grazing-
incidence small-angle X-ray scattering (GISAXS) experiments
were performed at an incidence angle of 0.20�, which is above the
critical angle of polymer but below the critical angle of Si,
allowing the X-ray to penetrate through the film. As can be seen
in Figure 3, sharp in-plane reflections were observed at qy =
(0.17 nm-1, corresponding to a domain spacing of 37 nm, that

were extended along qz direction. Such “Bragg rod” scattering
indicates that the microphase-separated morphology is oriented

Scheme 1. Synthesis of PEO-b-P(nBMA-r-PgMA) Diblock Copolymer
a

aNote: PMDETA = N,N,N0,N0 0,N0 0-pentamethyldiethylenetriamine.

Scheme 2. Synthesis of Rhodamine B Azidea

aNote: EDC = N-(3-(dimethylamino)propyl)-N0-ethylcarbodiimide hydrochloride; DMAP = 4-(dimethylamino)pyridine.

Figure 1. SAXS profiles of neat PEO-b-P(nBMA-r-PgMA) BCP
annealed at 130 �C for 1 day (4); BCP mixed with rhodamine B azide
with a 1:1 mole ratio between PgMA repeating units and rhodamine B
azide molecules and annealed at 110 �C for 12 h (O); BCP mixed with
rhodamine B with a 1:1 mole ratio between PgMA repeating units and
rhodamine B molecules and annealed at 110 �C for 12 h (0).

Figure 2. SFM height (a) and phase (b) image of a thin film of PEO-b-
P(nBMA-r-PgMA) mixed with rhodamine B azide with a mole ratio of
1:1 between PgMA repeating units and rhodamine B azide molecules
and annealed at 110 �C for 12 h. Scan size is 1 μm � 1 μm.
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normal to the surface and penetrates through the film. The
absence of higher order reflection arises from the lack of long-
range ordering, which is consistent with the SFM results in
Figure 2. The GISAXS data along with the SFM results are
consistent with a lamellar morphology with microdomains per-
pendicular to the surface and suggest that PEO-b-P(nBMA-r-
PgMA) diblock copolymer can alsounder goHuisgen 1,3-dipolar
cycloaddition with rhodamine B azide in thin films upon heating
and form a microphase-separated morphology.

In summary, we have reported a disorder-to-order transition
induced by alkyne/azide click chemistry in a binary blend of a
BCP with pendant alkyne functionality in one block and azide
molecules.Microphase separation in both the bulk and thin films
has been confirmed. This phase transition is currently being
investigated for use in generating long-range lateral ordering in
thin films of BCPs. Themechanism andmorphology evolution of
such blend system is currently under investigation.

Acknowledgment. This work was supported by the Depart-
ment of Energy Office of Basic Energy Science under Contracts
DE-FG02-96ER45612 and DE-FG02-04ER46126 and the NSF-
supported Materials Research Science and Engineering Center
at UMass. We acknowledge beamline 7.3.3 at Advanced Light
Source, Lawrence Berkeley National Laboratory, and Depart-
ment of EnergyOffice of Basic Energy Science for use of synchro-
tron radiation facilities.

Supporting Information Available: Synthesis procedure and
characterization of the diblock copolymer and rhodamine B
azide; in-situ SAXS profiles of neat diblock copolymer; SAXS
profile of neat diblock copolymer before deprotection of TMS
group; IR speactra of binary blend of the diblock copolymer and

rhodamine B azide before and after annealing. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Bates, F. S.; Fredrickson, G. H. Annu. Rev. Phys. Chem. 1990, 41,
525–557.

(2) Bates, F. S.; Fredrickson, G. H. Phys. Today 1999, 52, 32–38.
(3) Hamley, I. W. The Physics of Block Copolymers; Oxford University

Press: New York, 1998.
(4) For reviews on application of diblock copolymer for preparation of

nanostructured materials, see: (a) Hawker, C. J.; Russell, T. P.
MRS Bull. 2005, 30, 952–966. (b) Li, M.; Ober, C. K.Mater. Today
2006, 9, 30–39. (c) Segalman, R. A.Mater. Sci. Eng. 2005,R48, 191–
226. (d) Li, M.; Coenjarts, C. A.; Ober, C. K. Adv. Polym. Sci. 2005,
190, 183–226. (e) Fasolka, M. J.; Mayes, A. M. Annu. Rev. Mater.
Res. 2001, 31, 323–355.

(5) Ruzette, A.-V. G.; Soo, P. P.; Sadoway, D. R.; Mayes, A. M.
J. Electrochem. Soc. 2001, 148, A537–A543.

(6) Lee, D. H.; Kim, H. Y.; Kim, J. K.; Huh, J.; Ryu, D. Y. Macro-
molecules 2006, 39, 2027–2030.

(7) Wang, J.-Y.; Chen, W.; Roy, C.; Sievert, J. D.; Russell, T. P.
Macromolecules 2008, 41, 963–969.

(8) Tirumala, V. R.; Romang, A.; Agarwal, S.; Lin, E. K.; Watkins,
J. J. Adv. Mater. 2008, 20, 1603–1608.

(9) Tirumala, V. R.; Daga, V.; Bosse, A. W.; Romang, A.; Ilavsky, J.;
Lin, E. K.; Watkins, J. J. Macromolecules 2008, 41, 7978–7985.

(10) Ruokolainen, J.; Saariaho,M.; Ikkala, O.; ten Brinke,G.; Thomas,
E. L.; Torkkeli, M.; Serimaa, R. Macromolecules 1999, 32, 1152–
1158.

(11) Valkama, S.; Ruotsalainen, T.; Nyk€anen, A.; Laiho, A.; Kosonen,
H.; ten Brinke, G.; Ikkala, O.; Ruokolainen, J. Macromolecules
2006, 39, 9327–9336.

(12) Zhao, Y.; Thorkelsson, K.; Mastroianni, A. J.; Schilling, T.;
Luther, J. M.; Rancatore, B. J.; Matsunaga, K.; Jinnai, H.; Wu,
Y.; Poulsen, D.; Fr�echet, J. M. J.; Alivisatos, A. P.; Xu, T. Nature
Mater. 2009, 8, 979–985.

(13) Kolb, C. H.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int. Ed.
2001, 40, 2004–2021.

(14) For reviews on application of click chemistry in material science
and polymer science, see: (a) Moses, J. E.; Moorhouse, A. D.
Chem. Soc. Rev. 2007, 36, 1249–1262. (b) Fournier, D.; Hoogenboom,
R.; Schubert, U. S. Chem. Soc. Rev. 2007, 36, 1369–1380. (c) Binder,
W. H.; Sachsenhofer, R.Macromol. Rapid Commun. 2007, 28, 15–54.
(d) Nandivada, H.; Jiang, X.; Lahann, J. Adv. Mater. 2007, 19, 2197–
2208. (e) Golas, P. L.; Matyjaszewski, K.QSARComb. Sci. 2007, 26,
1116–1134.

(15) Rostovsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B.
Angew. Chem., Int. Ed. 2002, 41, 2596–2599.

(16) Tornoe, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002,
67, 3057–3064.

(17) Ladmiral, V.; Mantovani, G.; Clarkson, G. J.; Cauet, S.; Irwin,
J. L.; Haddleton, D. M. J. Am. Chem. Soc. 2006, 128, 4823–4830.

(18) Qu�emener,D.; LeHellaye,M.; Bissett, C.;Davis, T. P.; Barner-Kowollik,
C.; Stenzel, M. H. J. Polym. Sci., Part A: Polym. Chem. 2008, 46,
155–173.

(19) Malkoch, M.; Thibault, R. J.; Drockenmuller, E.; Messerschmidt,
M.; Voit, B.; Russell, T. P.; Hawker, C. J. J. Am. Chem. Soc. 2005,
127, 14942–14949.

(20) Fleischmann, S.; Komber, H.; Voit, B. Macromolecules 2008, 41,
5255–5264.

Figure 3. GISAXS pattern of a thin film of PEO-b-P(nBMA-r-PgMA)
mixed with rhodamine B azide with a mole ratio of 1:1 between PgMA
repeating units and rhodamine B azide molecules and annealed at
110 �C for 12 h. Incidence angle was 0.20�.


