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We propose a substitutional doping approach to achieve tunable optical properties from fullerenes. Taking
Cso as an example and using time-dependent density functional theory, we compute the absorption spectra of
heterofullerenes &, wN,B.,, and demonstrate that their optical gaps and first triplet energies can be tuned
from the near-infrared up to the ultraviolet by tailoring the dopant numhexad m. This is supported by
experiment and suggests heterofullerenes as single-molecule fluorescent probes and as building blocks for the
bottom-up assembly of tunable luminescent devices. For the examplgddNCwe discuss the effect of
organic functionalization, which is needed for device fabrication, on optical properties.
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Over the past decade, clusters, quantum dots, nanocrystalarying the dopant numbera andn. Available experiments
and nanocomposites have attracted much attention due smpport our theoretical demonstration. Over the past decade,
their tunable optical propertie6TOP9.1~® Usually, those CsgN™, 2 CsHN, '3 Cgo B (1=m=6),"* Cgo_ N, (1
TOPs are realized by tailoring the size, shape, chemical sur=n<4),"® and GgBN'® have been synthesized. Two recent
roundings, pressure or temperature of the matetidl§or ~ experiments suggested the existence gNg, (Ref. 17 and
example, the optical gap of a Au/Si@anocomposite can be Cp—nNy (40<p=<50, 1=<n=9).'® Thus, the heterofullerene
tuned from 560 to 1130 nm by varying the temperafutlee ~ TOPs and chemical flexibility should make them ideal for
emission spectra of InP, InAs and CdSe nanocrystals can bée as single-molecule fluorescent probes in polymer sci-
tuned from 400 to 2000 nm by tailoring their siZesu  ence, biology and medicin&*° (for example, labeling DNA
nanorings exhibit TOPs in a wide wavelength range by varyand RNA, lighting up polymers, photodynamic therapy, de-
ing the ratio of the ring thickness to raditi§he TOPs of

these systems can be used to design tunable optical device 0.06 - - - T - 7
for a wide range of applicatioris? for example, in informa- & Al LT il
tion displays, nanoscale electronics, laser technology, optica% 0.04
filters, optical storage, scintillators, medical imaging detec-Q 0.02
tors, optical sensors, optical switches, solar cells, biological @ ’
fluorescent labeling, and even children’s “glow-in-the-dark” 2 0
toys. The prospect of realizing these devices has been a drivd
ing force for the search for new materials with TOPs. -0.02

The electronic and optical properties of fullerenes have 15 2 25 3 35 4 45
been studied intensivelyDoping should alter the charge dis- 0-08 ey T T T T T T SR A Vo
tributions, electronic structures, and energy gapsetween g 0ozr R 1
the lowest unoccupied molecular orbitdlUMO) and the S oo 1
highest occupied molecular orbitdHOMO) of the parent 'g or
fullerenes’® Because of the cage structure of fullerenes, @ %' [ cgHNO—~ S Cuo(CeHaCHaN ]
doping can be exohedral, endohedral or substitutibnal. 25 002y e nim '"""“""'"é""”g'”g'ﬁ' N 1
Hence, a wide range of schemes for obtaining TOPs from -0.03 [ AL l|||ﬁ|||/||||||||||||ﬁﬁ|(||l|||||||||||| 2.) ]
fullerenes should be available with these doping approaches 1 1.5 2 2.5 3 35 4 45
In this communication, we show how substitutional doping
can achieve this goal. Takingggas an example and using Energy (eV)
time-dependent density functional theofyD-DFT),° we FIG. 1. Transient triplet—triplet absorption spectra qf @nd

demonstrate that the optical gafsy and the first triplet ¢ HN in toluene measured with 355 nm excitation, where closed
energies ®E; (two key quantities in fluorescence and and open circles are spectra 5 and /50 after a ns-laser pulse,
phosphorescent® of heterofullerenes &_,_mN.Bn Can  respectively. Vertical lines are the calculatéeE; for Cgy, CogHN,

be tuned from the near-infrared up to the ultravigldV/) by = CsgHNO, Cso(CgH,CH3)N and Gg(CHPh)N.
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TABLE . CalculatedA (eV), Eyq (V) (alsof = 10%f 459, PE;

(eV) andVE; (eV) of (heterofullerenes.ESXP is from experiment.

og
X1=C6H4OC|_|3, X2=C6H4CH3, and )%ZCHPQ

Fullerenes A ©®F;, Mg, Eog ¥ ESsP
CoBN)yy 254 233 2.62 3.05 1.00
Co(BN)js 238 221 250 2.50 0.27
Cu(BN); 216 201 2.25 2.25 0.25
CafBN);s 1.97 1.85 2.08 2.08 1.25
Cso 1.81 162 1.83 2.92 0.19 304
CufBN)y, 1.80 1.67 1.01 1.91 0.32
CofBN); 172 158 178 1.82 0.04
CusNys 163 155 1.70 1.70 0.03
Cw(BN), 162 150 1.67 1.67 0.12
Cs5HNO 146 1.36 1.53 1.53 0.28 1%3
CsoN* 143 135 1.49 1.49 0.01 180
CeX;N 135 125 1.42 1.42 0.37 1%7
CsXoN 134 125 142 1.42 037 1%7
CsoHN 1.33 1.23 141 1.41 0.40 159
CoXsN 133 1.24  1.40 1.40 0.38 153
CaiNg 118 110 1.28 1.28 0.32
CsB™ 1.09 1.04 1.17 1.17 0.03
CsBs 1.03 092 1.06 1.06 0.02
CssBs 1.02 091 1.10 1.10 0.04
CsBe 097 082 104 1.04 0.01
CseBa 081 071 0.93 0.93 0.10
CsoNg 0.75 0.67 0.83 0.83 0.08
CseNy 0.74 0.68 0.83 0.83 0.12
CseN, 0.73 0.64 0.80 0.91 0.37
CusBis 059 053 0.64 0.64 0.02

dreference 34.
®Reference 13.
fReference 33.

%Reference 27.
bReference 26.
“This work.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 201403R) (2004

and ®E; of theith singlet and triplet excited states, respec-
tively, and the absorption spectra, the enelgy (Ref. 6 of

the first dipole-allowed transitiofDAT) in the absorption
spectra and the oscillator strengthg. of the DATs. We
calculate the percentagB;, that shows the excitation par-
ticipation contribution of an electron-hole-h pair (v,n) to

a specified singlet or triplet state, wher@andn represent the
(LUMO +v)th unoccupied and (HOM®)th occupied
single-electron states of a molecule in its ground state. De-
tails of experimental procedures and facilities for measuring
UV/visible and transient absorptions reported here can be
found in Refs. 25,26.

We ensure the accuracy of the calculations for heterof-
ullerenes by choosing suitable exchange and correlation
functionals(see our supplemental mateffal Because accu-
rate UV/visible absorption spectra of;{in the gas phase
and solution are available, we choosg, @&s a benchmark
We found that TD-DFT with a local spin density approxima-
tion and various non-hybrid functionals leads to similar
result$® for E,q, DE;, ME;, andfg, which agree with
experiment’ However, TD-DFT with hybrid functionals
leads to unsatisfactory resuffs.Based on this test, we
choose Becke’s B88 excharffe and Perdew's P86
correlatio® functionals. Our calculated absorption
spectrum’ of Cgo shows that the first three DATS are at 2.92,
3.62, 4.62 eV with f,4.=0.0019, 0.1197, 0.3470,
respectively’’ which agree well with experimei(8.04, 3.73,
4.60 eV withf,..=0.003, 0.09, 0.46°" The calculated trip-
lets of G, reported in Fig. 1, characterize well our mea-
sured transient absorption peaks and the bleaching
maximunt® at 3.76 eV, which coincides with the UV absorp-
tion at 3.73 eV.

Our calculated results for the most stable isorffers
Cs0-n-mNnB, are summarized in Table I, and the absorption
spectra for single N-doped cases are presented in Fig. 1 and
Fig. 2. The first singlets of heterofullerenes come mainly

tection of cancer as single-molecule fluorescence-basedrom the (0,0) e-h pair (e.g., PJ is 42% for GyByoNag).
sensors and switch@sand as building blocks for the Accordingly, (WE, of Cgo_n—mNyBm, follows the ordering of
bottom-up assembly of tunable fluorescent/phosphoresced. Comparing™E; with Eoq shows that the first singlets of

devicest*

Cs0, Coo(BN)2g, Cs4(BN)3, and GgN, are dipole-forbidden

Our computational technique is based on the TD-BFT and Eog™> (ME,. For the other heterofullerenes, the first sin-
implemented in thesaussiaN g8 program?! The exchange- glet is dipole-allowed and,,= "E;. This is due to the

correlation potentiad . in the TD-DFT is given as the func-
exchange-tivity. Substitutional doping of g lowers thel,, symmetry

tional derivative of the time-dependent

heterofullerene symmetry which determines the optical ac-

correlational actionA,.,° an unknown functional of the of Ceo. "8 Correspondingly, the LUMO and HOMO symme-
charge density over both space and time. In practicalries can changé® and influence the optical activity of the
applications”?* this unknownA,. is approximated by using lowest singlets. For example, although it is an isoelectronic

the same exchange-correlation functiokg} as in the time-
independent Kohn—Sham the8hbut evaluated using the

analogue to G, Coo(BN)og hasS;g symmetry.
Ceo—kNk (Cso_kBy) is isoelectronic with Gy * (Cgo™).

charge density at the time(this local approximation in time Replacingk C atoms byk N (B) atoms results in a complete
is commonly referred to as the adiabatic approximation filling (removing of k electrons inta(from) the lowest LU-
Detailed TD-DFT implementation is illustrated in the MOs (highest HOMO$ of Cgf with A determined by the

GAUSSIAN 98 packagé' and the work of Stratmanet al®

smaller intraband spacing between LUM®OMOSs) rather

The ground-state structures of the molecules studied hetthan the full LUMO-HOMO gap of g,. Moreover, substi-

were optimized by using DFf with the hybrid B3LYP

tutional doping lowers the symmetry ofggand thus re-

functionaf® and a 6-31Gq) basis sef! Then, using a 3-21G moves the degeneracy of its original levélgroviding even
basis sét (this basis set is sufficient for the present work,smallerA. As indicated in Table I, §_,N, and Go_mBm

see our support materfdl, we compute the energi@;

have smallerA than G, and the corresponding,y are
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FIG. 2. (Color onling Calculated absorption spectra for single
N-doped cases (PhCgHs). A Lorentzian function with a width of

0.06 eV has been used to simulate a finite broadening. Vertical line-80 eV}** which includes ®)E;_5 .

are the calculated,. (bottom) and (YE; (top). Dotted (dashedl
lines are spectra from previous—Refs. 26 and(@&senk experi-

RAPID COMMUNICATIONS

PHYSICAL REVIEWEB, 201403R) (2004

tively, in good agreement with the calculations. SiHét,

< (ME,, the lowest triplet is a metastable state. This suggests
the application of heterofullerenes in tunable phosphorescent
devicesh®

(Heterofullerenes are difficult to process due to their poor
solubility in most organic solvent$:?°3> However, this
difficulty can be surmounted with the aid of organic
functionalizations® Moreover, functionalized complexes
such as arylated azafullerenes are more stable and produc-
ible with high yield® Therefore, for luminescent
applicationg*>'® organic functionalization of hetero-
fullerenes will be useful and it is important to examine the
effect of functionalization on their optical properties. We
choose GHN'® as an example to discuss this effect since
several functionalized complex&s3*of C;gHN have been
synthesized.

First we discuss the calculated results fgglIN and then
compare them with those of functionalized complexes to see
the effect of functionalization. The energy levels gf@N in
its ground state are computed and presented in our support-
ing materia®* and the calculated absorption spectra are
shown in Fig. 2. In the visible region, absorption maxima
appear at 1.41, 1.81, 2.09, 2.52 eV, which agree with experi-
ment(1.52, 1.68, 2.07, 2.76 e\**?°The main contributions
to the four dipole-allowed singlets are frai®,0), (2,0), (0,4)
and(3,0) e-h pairs?* The calculated triplets of &gHN, pre-
sented in Fig. 1, show that the lowest triplet—triplet absorp-
tion occurs in the first triplet ban¢l.20—1.30 eV which
contains ®E; and ®)E,. The maximum triplet—triplet ab-
sorption at 1.65 eV appears in the second triplet Hdng0—

The bleaching
maximum at 3.76 eV coincides with the calculated maximum
UV absorption at 3.76 eV shown in Fig. 2.

ments, and closed circles mark the energies of the most intensive To study the effect of functionalization, we synthesized

absorptions from previous experimen(®efs. 33 and 3% Struc-
tures: C(black bal), H (white ball, N and O are specified.

redshifted by 1.2 to 2.3 eV relative to that offC For cases
of single N-doping, the predictel,; and redshift are in

good agreement with previoti€®27333%nd present experi-

and isolated gHN in its pure form, and oxidized 4gHN to
form CsHNO.?® In Fig. 1 and Fig. 2 are presented the cal-
culated results for HNO, which are similar to those of
CsoHN. In the visible region, absorption maxima ofEINO
appear at 1.53, 1.94, 2.21, 2.63 eV, which agree with our
experiment(1.63, 1.78, 2.08, 2.78 e\?® The calculated,

ments. For high BN-doping, the HOMO occupies mainly theand ®)E, of C;gHNO, due to the functionalization, are blue-
BN sites and is little changed, but the LUMO is increasingshifted by only 0.11 and 0.13 eV, respectively. The

more antibonding with higher enerd¥Thus, theA for high
BN-doping can be larger than that forgfC Table | shows
that Go_2n(BN), (10<n=<20) has a largeA than G, and
the corresponding is blueshifted by 0.2 to 2.5 eV relative
to that of Gy_,,N,, or Cso_mBm . Consequently, high optical

Eog-blueshift agrees with the measured blueshift.

To understand the small effect of functionalization, we
also compute the energy levels ofHNO in its ground state
(see Ref. 24 We find that the O-H interaction shifts the
CsgHN orbitals to lower energy by 0.01 to 0.1 eV without

gaps can be tailored with high BN doping, while low optical changing the orbital symmetrié$.The first new orbital is

gaps can be tailored by B or N doping, with tlg, of
Cs0-n—mNnBm, tuned from 3.05 eV(407 nm to 0.64 eV
(1937 nm by tailoring the dopant numbers and m. This

HOMO-5, thep orbital of O aton?* However, this new or-
bital makes little contribution to the lowest transition. Thus,
CsHNO and GgHN have similar optical gaps. Because the

TOP suggests the application of heterofullerenes in tunable-H interaction increases the LUMO-HOMO gap by 0.13

fluorescent devices.

eV** the E,q and (E; of CsHNO are blueshifted by about

The first triplets of heterofullerenes are found mainly0.13 eV. Similar resultgsee Fig. 1, Fig. 2 and Table |

from the(0,0), (1,0) or (0,1 e-h pair with, for example, &,

of 573 (56, 48)) for CsgN, (CsgB,, CsgBN). As a result,
®)E; of Cgo_ - mNyBm generally follows the ordering ok
and can be tuned from 0.53 to 2.33 eV. Our measlite,;
for Cgo, CsoN* and GgHN are 1.60, 1.32, 1.21 eV, respec-

are obtained for the arylated complexes of;gHN,
such as G(CHPh)N,*®  Cgo(CgH,CH)N,**  and
Cso(CeH4OCH;)N.34 All of the above results show that
functionalization has a small effect on the optical properties
of CsgHN.
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