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Ordered mesoporous carbons (OMCs) have recently at-
tracted considerable attention because of their unique fea-
tures, such as high surface area, narrow pore size distribution,
large pore volume, as well as good chemical and thermal
stabilities." Such properties make OMCs ideal for many
applications in separation, adsorption, catalysis, and energy
storage.”> OMCs were usually prepared via a nanocasting
process (hard-templating route) using ordered mesoporous
silicas (OMSs)® or colloidal silica nanoparticles* as hard
templates. Recently, we’ and others® have developed an
alternative soft-templating route for preparation of OMCs
via self-assembly of phenolic resins and block copolymers.
So far, OMCs with different structural symmetries'>° and
various morphologies®®’ have been prepared. In addition to
the control of pore structures and morphologies, surface
modification of OMCs is also crucial for many applications,
such as catalysis and separation.">® Furthermore, surface
modification can be utilized to tune the hydrophobicity and
hydrophilicity of OMCs, which enables their wide applica-
tions in different solvent media.

Preparation from heteroatom-containing carbon precursors
represents a direct way to integrate functionalities into OMCs.
For example, N-doped, S-doped, F-doped, and pyridine-
containing OMCs have been reported; however, the types
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and densities of functionalities are usually limited.” As a
simple method, oxidation of OMCs and the subsequent
reaction of generated carboxylic groups allows grafting of
many functional groups on the carbon surface.'® But the
intrinsic drawbacks of this method lie in the deterioration
of carbon structures because of the harsh oxidation conditions
(e.g., very strong acids).'® In seeking new routes to modi-
fication, we and others recently applied the diazonium
chemistry for covalent attachment of ortho-substituted aryl
groups [AI‘—R, R = C], COOCH3, C(CH3)3, (CH2)3CH3,
SO;H] on the surface of OMCs via chemical reduction of
aryl diazoniums."'

As an efficient methodology, Prato’s reaction,'? which is
based on the 1,3-dipolar cycloaddition of azomethine ylides,
has been applied to organic modification of fullerenes,"?
carbon nanotubes,'* and carbon nanohorns.'> Herein we for
the first time report the functionalization of OMCs via 1,3-
dipolar cycloaddition of azomethine ylides, generated by
thermal condensation of an o-amino acid and an aldehyde.
The cycloaddition reaction leads to the formation of pyrro-
lidines attached on the surfaces of OMCs (Scheme 1). The
effect of carbon wall characteristic (amorphous or graphitic)
of OMCs on the efficiency of functionalization was inves-
tigated both experimentally and computationally.

Hexagonal OMC C-ORNL-1 (1) and highly graphitic
mesoporous carbon (1-G, the graphitic feature was indicated
by the XRD pattern, see Figure S1 in the Supporting
Information) were synthesized via self-assembly of block
copolymers and phenolic resins under acidic conditions as
described in our previous reports.’ Surface modification of
1 was carried out by heating a mixture of N-methylglycine
(2, 160 mg, 0.45 mmol) and an aldehyde (3a—c¢, 0.3 mmol)
at reflux in a solvent (120 mL) in the presence of C-ORNL-1

(9) (a) Xia, Y. D.; Mokaya, R. Adv. Mater. 2004, 16, 1553. (b) Shin,
Y. S.; Fryxell, G. E.; Um, W.; Parker, K.; Mattigod, S. V.; Skaggs,
R. Adv. Funct. Mater. 2007, 17, 2897. (c) Shin, Y. S.; Fryxell, G. E;
Johnson II, C. A.; Haley, M. M. Chem. Mater. 2008, 20, 981. (d)
Wan, Y.; Qian, X. F.; Jia, N. Q.; Wang, Z. Y.; Li, H. X.; Zhao, D. Y.
Chem. Mater. 2008, 20, 1012.

(10) (a) Jun, S.; Choi, M.; Ryu, S.; Lee, H.-Y.; Ryoo, R. Stud. Surf. Sci.
Catal. 2003, 146, 37. (b) Lu, A.-H.; Li, W. C.; Muratova, N.;
Spliethoff, B.; Schiith, F. Chem. Commun. 2005, 5184. (c) Lazaro,
M. J.; Calvillo, L.; Bordeje, E. G.; Moliner, R.; Juan, R.; Ruiz, C. R.
Microporous Mesoporous Mater. 2007, 103, 158. (d) Vinu, A.;
Hossian, K. Z.; Srinivasu, P.; Miyahara, M.; Anandan, S.; Goku-
lakrishnan, N.; Mori, T.; Ariga, K.; Balasubramanian, V. V. J. Mater.
Chem. 2007, 17, 1819. (e) Bazula, P.; Lu, A.-H.; Nitz, J.-J.; Schiith,
F. Microporous Mesoporous Mater. 2008, 108, 266.

(11) (a) Li, Z.J.; Dai, S. Chem. Mater. 2005, 17, 1717. (b) Li, Z. J.; Yan,
W. F.; Dai, S. Langmuir 2005, 17, 1553. (c) Liang, C. D.; Huang,
J.F.; Li, Z.J.; Luo, H. M.; Dai, S. Eur. J. Org. Chem. 2006, 586. (d)
Wang, X. Q.; Liu, R.; Waje, M. M.; Chen, Z. W.; Yan, Y. S.; Bozhilov,
K. N.; Feng, P. Y. Chem. Mater. 2007, 19, 2395.

(12) Prato, M.; Maggini, M. Acc. Chem. Res. 1998, 31, 519.

(13) (a) Maggini, M.; Scorrano, F.; Prato, M. J. Am. Chem. Soc. 1993,
115,9798. (b) Da Ros, T.; Prato, M.; Novello, F.; Maggini, M.; Banfi,
E. J. Org. Chem. 1996, 61, 9070. (c) Gonzalez, J. J.; Gonzalez, S.;
Priego, E. M.; Luo, C. P.; Guldi, D. M.; de Mendoza, J.; Martin, N.
Chem. Commun. 2001, 163.

(14) Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi, D. M.; Holzinger,
M.; Hirsch, A. J. Am. Chem. Soc. 2002, 124, 760.

(15) Cioffi, C.; Campidelli, S.; Brunetti, F. G.; Meneghetti, M.; Prato, M.
Chem. Commun. 2006, 2129.

[0 2008 American Chemical Society

Published on Web 07/04/2008



Communications

Scheme 1. Functionalization of OMC
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Table 1. Textural Properties of Carbons”

SBET w \4 weight grafting density
material  (m%*g) (nm)  (cm*/g)  loss (%) (mmol/g)
1 712 7.0 0.76 0.8
4a 420 6.9 0.49 49 0.72
4b 446 6.9 0.51 3.7 0.22
4c 392 6.9 0.47 5.9 0.29
1-G 262 9.2 0.46
4a-G 260 9.2 0.46 ~0 ~0

“ Sger, BET surface area; w, pore diameter; V, total pore volume;
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(1, 180 mg) (see details in the Supporting Information). The
reaction was allowed to proceed for 18 h, and the modified
samples (4a—c) were then recovered by filtration; washed
thoroughly with toluene, CH,Cl,, and THF; and finally dried
in a vacuum oven at 120 °C overnight.

Figure 1 shows the N, sorption isotherms and the BJH pore
size distribution plots of C-ORNL-1 before and after surface
modification. One can see that all modified samples (4a—c)
exhibit an isotherm shape similar to that of pristine C-ORNL-1
(1), indicating the maintenance of highly ordered mesostructure
after surface modification (see also a high-resolution SEM
image in Figure S2 in the Supporting Information). Because of
the relatively low grafting densities (see below), the presence
of functional groups may not cause an obvious decrease in pore
diameter but likely block the microporosity, and thus lead to a
significant decrease in BET surface area (Table 1). A similar
observation has been reported on primary amine-functionalized
ordered mesoporous carbons.'®

Figure 2 shows the TGA profiles of the unmodified and
modified samples under a N, atmosphere. The pristine
C-ORNL-1 exhibited a slight weight loss, which could be
attributed to the chemically/physically adsorbed species, such
as H,O, CO,, and the release of some oxygen-containing
functional groups, whereas the major weight losses for all
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Figure 1. (A) N, sorption isotherms and (B) pore size distribution plots of
C-ORNL-1 before (1) and after functionalization (4a—4c). For clarity, the

isotherms of 4b, dc, and 1 are offset vertically by 50, 100, and 150 cm¥/g,
respectively.

weight loss was determined from the TGA profiles between 200 and 500
°C; grafting density was estimated from the weight loss, from which a
weight loss due to the chemically/physically adsorbed species (0.8%)
was substracted.
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Figure 2. TGA curves of the pristine (1) and modified C-ORNL-1 (4a—c)
under a N, atmosphere.

three modified samples took place in the temperature range
of 200—500 °C, suggesting that the organic groups were
covalently attached on the carbon surface.'""'> The weight
losses in this range due to the decomposition of pyrrolidines'?
were 4.9% (4a), 3.7% (4b), and 5.9% (4c¢), respectively. The
grafting densities were estimated to be 0.22—0.72 mmol/g,
which are smaller than those of modified mesoporous carbons
through diazonium chemistry."" The presence of functional
groups on the modified carbon samples can also be confirmed
by X-ray photoelectron spectroscopy (XPS) measurement.'®
The XPS spectra (see Figure S3 in the Supporting Informa-
tion) show the N 1s peak for all of the modified samples
(4a—c) but no N 1s signal was observed for the pristine
C-ORNL-1 (1). It is worth noting that increasing the
concentration of reactants (2 and 3) or prolonging the reaction
did not increase grafting density significantly, as indicated
by no obvious change in the results of N, sorption and TGA
analyses. In addition, the solvent-thermal stability of the
modified samples was investigated by refluxing the samples
in organic solvents. For example, sample 4a was found
solvent-thermally stable in some organic solvents, such as
THF and CH,Cl,, as suggested by the results of N, sorption
analysis (see Figure S4 in the Supporting Information).
Interestingly, attempts to modification of graphitic meso-
porous carbon (1-G) using the same procedure did not result
in an obvious change in N, sorption isotherm and weight
loss in TGA profile (see Figure 3 and Table 1), suggesting
the grafting on graphitic mesoporous carbon was unsuccess-
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Figure 3. N, sorption isotherms (A) of unmodified (1-G) and modified
(4a-G) graphitic mesoporous carbons and TGA curve (B) of 4a-G. The
observation of slight increase on the TGA curve could be due to the partial
oxidation of graphitic carbon by O, impurity in a N, atmosphere.

Table 2. Energetics of Ylide Addition to Carbons”

carbon addition energy (kcal/mol) structure
armchair edge —28.4 Figure 4a
zigzag edge —27.2 Figure 4b
graphene 16.8 Figure 4c
fullerene —279 Figure 4d

“ Addition energy is defined as the energetic change for the reaction
ylide + carbon — ylide—carbon.

ful. The sharp difference between 1 and 1-G with respect to
the addition of azomethine ylides must be related to their
differences in geometric and electronic structures. The porous
carbons obtained by pyrolyzing block copolymer—phenolic
resin nanocomposite at 850 °C are considered to consist of
discrete fragments of curved carbon sheets with plenty of
edges, whereas the highly graphitic mesoporous carbon is
typically composed of large graphene sheets/domains parallel
to the pore surface.'”"!

To confirm the different reactivities of 1 and 1-G regarding
ylide cycloaddition, we employed density functional theory
(DFT) to compute the energetic change for ylide cycload-
dition.'” We used edge models to represent the active sites
on amorphous mesoporous carbons such as 1 and a graphene
sheet to represent graphitized mesoporous carbons such as
1-G.?° Table 2 displays the energetics and one can clearly
see that the cycloaddition reaction is quite favorable for both
zigzag and armchair edges in the same degree as for
fullerene, whereas the reaction is unfavorable for graphene.
These computational results agree very well with our
experimental observation that 1 can be functionalized by
ylide cycloaddition, whereas graphitized carbon (1-G) cannot.
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Figure 4. DFT-optimized structures for ylide-functionalized carbons: (a)
armchair edge model, (b) zigzag edge model, (c) graphene, and (d) fullerene.
C, black; H, green; N, red.

Although the grafting density of functional groups on
OMC:s is limited via the Prato’s reaction, one of the unique
advantages of such method is to integrate two functional
groups (R1 and R2, see Scheme 1) simultaneously. In
addition, a wide variety of a-amino acids and aldehydes are
commercially available or readily prepared from commercial
sources.'>!> Therefore, this method holds great promise in
designing the advanced functional materials based on OMCs
by integration of the functionalities of pyrrolidines and the
unique structural features of OMCs. For example, this
method would allow one to prepare OMC-based cooperative
catalysts,?' in which two functional groups are intrinsically
formed as a pair.

In summary, we successfully functionalized surfaces of
ordered mesoporous carbons via 1,3-dipolar cycloaddition of
azomethine ylides, yielding grafting densities of ca. 0.22—0.72
mmol/g. Although pore volume and surface area decreased after
ylide addition, mesopore structures were well-maintained.
Graphitic carbon showed little or no reactivity for ylide addition,
which was confirmed by density functional calculations.
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