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Abstract: The C60-piperazine mono adduct was synthesized by the reaction of C60 and

piperazine. The saturated C60-piperazine aqueous solution was colorless when pH is 8

or below. A purple color was developed when pH is around 9 and the pink color is most

intense at pH 11. The color of the C60-piperazine solution fades out when pH is

approaching 12 from 11, and the solution remains colorless when pH is 13 or

higher. The UV-Vis spectra of the C60-piperazine solution were recorded at pH 4, 11

and 14. The mono-protonated C60-piperazine was identified to be responsible for the

purple color observed. The computational investigation of the un-protonated, mono-

protonated and di-protonated C60-piperazine was conducted at the PM3 and

ZINDO(s) levels of theory. Vibronic coupling of the Jahn-Teller active vibrational

mode to the electronic transition was applied to re-generate the weak absorption

between 550–600 nm in the UV-Vis spectrum of the mono-protonated C60-piperazine.
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INTRODUCTION

There is currently a great deal of interest in derivatized fullerenes because of the

attractiveness of combining chemically useful functionality with their unique

chemical, physical and electronic properties. An example is C60-piperazine

adducts, which have been investigated both experimentally (1) and theoretically

(2). The C60-piperazine molecule itself is a tertiary di-amine, which is a weak

organic base and may exist as the neutral species (C60P), the mono-protonated

species (C60PH
þ) and the di-protonated C60PH2

2þ species (Figure 1). The exper-

imental research on the UV-Vis spectra of aqueous C60-piperazine solutions has

produced a curious result: C60-piperazine solution is colorless when the pH is

below 6 or if the pH is around 14, but has a purple color at pH 11.

Here, we report experimental and theoretical studies of C60-piperazine and

its mono- and di-protonated analogues (see Figure 1) aiming to elucidate the

origin of these color changes. First, a thermodynamic model of the composition

of an aqueous solution of C60-piperazine was constructed that predicts the com-

position of the solution as a function of pH (Figure 2). Next, UV-Vis spectra of

the C60-piperazine solution were recorded at pH 4, 11 and 14 in order to verify

the model and determine the equilibrium constants therein.

The results show that the dominant species is di-protonated C60-piperazine

at pH 4 in the C60-piperazine solution, while the neutral C60-piperazine

dominates at pH 14. The mono-protonated C60-piperazine adduct is the major

component at pH 11, suggesting that this species is responsible for the purple

color. Finally C60-piperazine, the mono-protonated C60-piperazine adduct and

the di-protonated C60-piperazine adduct were investigated using ab-initio

quantum chemical methods. Calculations of the spectra of each species

confirms that the mono-protonated C60-piperazine has a weak absorption in

the green, caused by Jahn-Teller distortion of the C60. This absorption is respon-

sible for the purple color of the pH 11 solutions.

Figure 1. Structures of the neutral C60-pipenazine adduct (C2V symmetry), the

mono-protonated C60-piperazine (Cs symmetry) and the di-protonated C60-piperazine

(C2V symmetry).

H. Xu et al.268
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EXPERIMENTAL METHODS

C60-piperazine mono-adduct was synthesized for this investigation by

the reactions of C60 (MER Corporation, Tucson, AZ) and piperazine

(Sigma-Aldrich) in toluene (Fisher Scientific) with 1:1 molar ratio of C60

and piperazine (1). The chemicals were used without further purification.

The reactions were conducted in a 508C water bath for 7 days. The C60-

piperazine mono-adduct was purified by column chromatography using

100:1 (v/v) methylene chloride: methanol as the mobile phase and the 30-

inch long glass column with the internal diameter of 1 inch, and characterized

by 1H NMR (Bruker 250 MHz, Drexel University) and mass spectrometry.

The saturated C60-piperazine aqueous solution (2.7 mg/L) is clear and

colorless when pH is below 8. When pH is approaching 9, a pink-like color

is gradually developed and is most intense around pH 11. The color of the

saturated C60-piperazine solution fades away when the pH is over 12 and

the saturated solution remains colorless when pH is 13 or higher.

Combining the basic property of the C60-piperazine molecule and the

observed color changes of the C60-piperazine solution, it can be postulated

that the C60PH2
2þ, C60PH

þ and C60P are the dominating species when pH is

below 9, pH is between 9 and 12, and pH is 12 and higher, respectively.

A thermodynamic model of composition as the function of pH of

C60-piperazine solutions was carried out to support the postulation. The

C60-piperazine is a tertiary di-amine, which exists as the neutral species

(C60P) and can be protonated giving mono-protonated species (C60PH
þ)

and/or di-protonated C60PH2
2þ compound depending on the pH values of

the solution. Therefore, equation (1) can be established (ref. (1)):

½C60P�total ¼ ½C60P� þ ½C60PH
þ� þ ½C60PH

2þ
2 � ð1Þ

Figure 2. The components of the C60-piperazine solution as a function of pH values.

(C60P: the neutral C60-piperazine adduct; [C60PH]
þ: the mono-protonated C60-piperazine

adduct; [C60PH2]
2þ: the di-protonated C60-piperazine adduct).

Colors of C60-Piperazine Solutions 269
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The equilibria among the neutral C60P, C60PH
þ and C60PH2

2þ are given by

equations (2) and (3):

C60PH
2þ
2 N

K1

C60PH
þ þ Hþ ð2Þ

C60PH
þN

K2

C60Pþ Hþ ð3Þ

The equilibrium constants K1 and K2 are defined as follows:

K1 ¼
½C60PH

þ�½Hþ�

½C60PH
2þ
2 �

ð4Þ

K2 ¼
½C60P�½H

þ�

½C60PH
þ�

ð5Þ

Equations (4) and (5) are applied to equation (1) to give equation (6):

½C60P�total ¼
K2½C60PH

þ�

½Hþ�
þ ½C60PH

þ� ¼
½C60PH

þ�½Hþ�

½Kþ�
ð6Þ

Then, equation (6) can be rearranged to equation (7):

½C60PH
þ�

½C60P�total
¼

1

1þ K2=½H
þ� þ ½Hþ�=K1

ð7Þ

The total concentration of C60P is known and the [Hþ] can be measured with a

pH meter. There are 3 variables in equation (7), [C60PH
þ], K1 and K2. The

C60-piperazine solutions have visible colors when the pH values are

between 9 and 12. Therefore, Beer’s Law will be applied to give [C60PH
þ]

(1). Then, 15 C60-piperazine aqueous solutions were made with the pH

values between 9 and 12 and the UV-Vis spectra of these 15 solutions were

recorded to determine the lmax in the visible region (400–760 nm). It was

found that the lmax is 554 nm (1). Accordingly, equation (8) can be obtained:

Að554 nmÞ ¼ 1 � b � ½C60PH
þ� ð8Þ

Combining equations (7) and (8), equation 9 is derived:

Að554 nmÞ

½C60P�total
¼

1 � b

1þ K2=½H
þ� þ ½Hþ�=K1

ð9Þ

In equation (9), [C60P]total is known, A (554 nm) is the measured absor-

bance, and K1, K2 and 1�b are unknown constants. Once the series of A

(554 nm) along with the corresponding [Hþ] were obtained, Origin 6.1

(Microcal Corp., MA) was applied to fit these data to obtain the 3 unknown

constants (i.e., K1, K2 and 1�b) in equation (9). The K1 and K2 were deter-

mined (T ¼ 298 K) as follows (1):

K1 ¼ 1:2� 10�9; K2 ¼ 6:6� 10�13

H. Xu et al.270
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Using equations (4), (5) and (7), [C60P], [C60PH
þ] and [C60PH2

2þ] were deter-

mined at different pH values. The corresponding plot of the compositions vs.

pH values is shown in Figure 2.

It is clear that the di-protonated C60PH2
2þ is the major species at pH 8 or

lower, the mono-protonated C60PH
þ dominates around pH 11 and the neutral

C60-piperazine (un-protonated) is the dominant one at pH 13 or higher. This

result is consistent with the postulation stated here. The experimental oscil-

lator strengths were converted from the corresponding molar extinction coeffi-

cients by equation (10) (see ref. (3)). The integral in equation (10) was

evaluated numerically (trapezoid rule).

Oscillator strength f ¼ 4:33 � 10�9 �

ð
1ðlÞdl�1 ð10Þ

where 1(l) is the extinction coefficient.

COMPUTATIONAL METHODS

The geometrical structures of C60-piperazine, mono-protonated and di-proto-

nated C60-piperazine were first optimized at the MMþ (4) level of theory to

generate reasonable starting structures for further quantum mechanical calcu-

lations. C60-piperazine, mono-protonated and di-protonated C60-piperazine

were then fully optimized based on the semiempirical PM3 (5) Hamiltonian.

Vibrational spectra of these three species were calculated based on the fully

optimized structures at the PM3 level. Single point calculations, (based on

the ZINDO(s) (6) Hamiltonian and a truncated configuration interaction

(CI) basis of single excitations) were then carried out to generate the corre-

sponding UV-Vis spectra. The 35 highest occupied MOs and 35 lowest unoc-

cupied MOs, 40 highest occupied MOs and 40 lowest unoccupied MOs and 30

highest occupied MOs and 30 lowest unoccupied MOs were included in the

ZINDO(s) calculations of C60-piperazine, mono-protonated and di-protonated

C60-piperazine, respectively. These CI bases were selected based on conver-

gence tests on the related species 2,3-dihydro-1,4-ethano-quinoxaline

(Figure 3) and on natural energy gaps in the MO eigenvalue spectra. All the

calculations were carried out using HyperChem software (7).

Figure 3. The structure of 2,3-dihydro-1,4-ethano-quinoxaline.

Colors of C60-Piperazine Solutions 271
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Because of the structural similarity between 2,3-dihydro-1,4-ethano-

quinoxaline (Figure 3) and C60-piperazine (Figure 1), the UV-Vis spectrum of

2,3-dihydro-1,4-ethano-quinoxaline was computed with the same theoretical

methodology and compared to its experimental data in order to test the reliability

of the method used for this project. 2,3-dihydro-1,4-ethano-quinoxaline (See

Figure 3) was purchased from ChemDiv, Inc., San Diego, CA. UV-Vis spectra

were obtained using an HP 8431 Diode array UV-Vis spectrophotometer.

An interval of 5 nm has been used to calculate the oscillator strengths in

order to match the experimental resolution. A moving average (7 points,

30 nm wide) has been applied to each theoretical spectrum to mimic the exper-

imental broadening.

RESULTS AND DISCUSSION

The Reliability of the Computational Method Applied in this

Project

To establish the reliability of the computational methods applied in this project,

the methods used were applied to the related species 2,3-dihydro-1,4-ethano-

quinoxaline. Theoretical and experimental UV adsorption maxima for 2,3-

dihydro-1,4-ethano-quinoxaline are shown in Table 1. It can be seen that the

calculated lmax values are good in agreement with the experimental data as

are the relative oscillator strengths. These results benchmark the accuracy of

the theoretical and computational methods used. Based on the structural

similarity of 2,3-Dihydro-1,4-ethano-quinoxaline to C60-piperazine, we expect

similar accuracy for the C60-piperazine spectra reported here.

To further support the choice of theoretical methods, the computed

adsorption wavelengths and oscillator strengths of C60-piperazine between

400 and 600 nm are tabulated in Table 2, where they are compared to

published results (2). Again the agreement is found to be quite satisfactory.

Therefore, the computational method used in this paper is deemed suitable

for reproducing the UV-Vis spectra for C60-piperazine and its derivatives.

Table 1. Comparison of the experimental data and the computational results of

2,3-Dihydro-1,4-ethano-quinoxaline

Wavelength lmax (nm) Oscillator strength f Relative oscillator strength f

Expt 206 6.09 1

256 0.25 0.041

262 0.065 0.011

Theo. 207 1.61 1

248 0.067 0.042

278 0.030 0.019

H. Xu et al.272
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C60-Piperazine Adduct

The measured UV-Vis spectrum of C60-piperazine is depicted in Figure 4 and

compared with the theoretical results. The lmax of the theoretically generated

spectrum is around 225 nm. This curve levels off above 400 nm, which is in

agreement with the fact that the C60-piperazine solution is colorless at pH

14 where the unprotonated species dominates. The UV-Vis spectrum

obtained experimentally is very similar, having lmax of about 230 nm and

no peak above 400 nm.

Mono-Protonated C60-Piperazine

Figure 5 shows the experimental (bottom) and theoretical (top) UV-Vis

spectra of the mono-protonated C60-piperazine. The two are in accord

except that the missing little “bump” centered at 554 nm in the measured

Figure 4. Comparison of the experimental UV-VIS spectrum (bottom) with the

theoretical one (top) for C60-piperazine.

Table 2. Computational results from wavelengths above 400 nm for C60-piperazine

and comparison with published results (2)

Present work Theoretical results from Ref. (2)

Wavelength (nm) Oscillator strength Wavelength (nm) Oscillator strength

567.3 0.0059 599.3 0.0071

500.1 0.0014 512.6 0.0016

482.3 0.0033 500.7 0.0025

444.1 0.0014 450.5 0.0014

438.5 0.0024 435.0 0.0012

425.2 0.0125 432.9 0.0166

Colors of C60-Piperazine Solutions 273
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spectrum is not reproduced theoretically. Theoretically the C60-piperazine

solution at pH 11 should therefore be colorless. Experimentally it gives an

intense purple color at pH 11.

To understand the source of the long-wavelength adsorption of mono-

protonated C60-piperazine, we first consider unmodified C60 itself (8–12). C60

has Ih symmetry. T1g, T2g and Gg are the irreducible representations of the

lowest excited states (10). The lowest lying transitions (HOMO ! LUMO,

LUMOþ 1, LUMOþ 2) are therefore inversion-symmetry forbidden (8–12).

It has been proposed that broadweak bands in the visible range of the experimen-

tal UV-Vis spectra of C60 (11) correspond to these electronically forbidden

transitions, and that vibronic coupling breaks the inversion-symmetry

selection rule (8–12). For the C60molecule, vibrations with suitable symmetries

(Herzberg–Teller and/or Jahn-Teller active modes) may bring intensity

borrowing to allow these forbidden transitions (8–12).

By analogy to C60, vibronic coupling is proposed here to explain

the origin of the absorption in the visible range in the UV-Vis spectrum of

the mono-protonated C60-piperazine solution. To test this hypothesis, the

vibrational spectra of both C60 and the mono-protonated C60-piperazine

were calculated at the PM3 level of theory.

At room temperature, the most populated Jahn–Teller active normal

mode of C60 was found to have hg symmetry (hg symmetry vibrational

mode is Jahn–Teller active for C60 (9–11) and a frequency of 266.5 cm21.

This hg vibrational mode with the frequency of 266.5 cm21 induces

intensity borrowing through vibronic coupling. One of the most populated

normal modes of the mono-protonated C60-piperazine has a0 symmetry and

a frequency of 217.2 cm21. In this normal mode (a0, 217.2 cm21), the C60

moiety of the mono-protonated C60-piperazine molecule follows the same

vibrational pattern as the J-T active mode (hg, 266.5 cm
21) in C60.

Figure 5. Comparison of the experimental curve (bottom) with the theoretical ones

(top) for the mono-protonated C60-piperazine, [C60PH]
þ.

H. Xu et al.274
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To see if the (a0, 217.2 cm21) mode in mono-protonated C60-piperazine

can give rise to UV-Vis absorption through vibronic coupling, the geometry

of the mono-protonated C60-piperazine was distorted along the normal

mode (a0, 217.2 cm21) and the electronic spectrum of the distorted mono-pro-

tonated C60-piperazine computed using ZINDO(s). A comparison of UV-Vis

spectra for the equilibrium structure of mono-protonated C60-piperazine

(solid line) and the distorted mono-protonated C60-piperazine (dashed line)

is depicted in Figure 6. The oscillator strengths between 410 nm and

600 nm of the distorted mono-protonated C60-piperazine are significantly

larger in magnitude than the corresponding ones for the mono-protonated

C60-piperazine (Figure 6).

For example, the oscillator strength at 432.5 nm is about 50 times stronger

in the UV-Vis spectrum of the distorted mono-protonated C60-piperazine than

that of the equilibrium structure of mono-protonated C60-piperazine

(Figure 6). In addition, this introduction of vibronic coupling does produce

a broad weak peak theoretically centered at 585 nm in the predicted UV-Vis

spectrum. lmax for this peak differs by only 6% from the experimental

result, very good agreement given the simplicity of theoretical model (the

inset in Figure 6). Therefore, we conclude that vibronic coupling is a likely

explanation for the missing peak in the visible range in the UV-Vis

spectrum of the mono-protonated C60-piperazine.

Di-Protonated C60-Piperazine

The experimental (bottom) and the theoretical (top) UV-Vis spectra of the

di-protonated C60-piperazine are illustrated in Figure 7. There are three

Figure 6. Comparison of the theoretically reproduced UV-Vis curves of the

mono-protonated C60-piperazine (in solid line) with the distorted mono-protonated

C60-piperazine (in dashed line) along a specific normal mode (a0 symmetry,

217.2 cm21). The inset is the same plot enlarged between 410 and 600 nm.

Colors of C60-Piperazine Solutions 275
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major absorptions (210 nm, 225 nm and 275 nm) in the experimentally

recorded UV-Vis spectrum of the di-protonated C60-piperazine. In the theor-

etically reproduced UV-Vis spectrum, the corresponding peaks are at 225 nm,

240 nm and 285 nm, respectively. The theoretical curve is again qualitatively

consistent with the experimental data and both support the observation of

colorless C60-piperazine solution at low pH.

CONCLUSIONS

The electronic spectra of C60-piperazine, mono-protonated C60-piperazine

and di-protonated C60-piperazine were calculated theoretically and

compared to the corresponding experimental curves. ZINDO(s) spectra of

C60-piperazine and di-protonated C60-piperazine are qualitatively consistent

with the experimental results. A broad weak peak centered at 554 nm in

the experimentally obtained UV-Vis spectrum of the mono-protonated

C60-piperazine was successfully reproduced theoretically by introducing

vibronic coupling.

The theoretically reproduced broad peak with low intensity in the UV-Vis

spectrum of the mono-protonated C60-piperazine is centered at 585 nm, a

relative error of about 6% compared to the experimental data. This result

supports the hypothesis that mono-protonated C60-piperazine gives a

colored solution because of a weak adsorption in the 550–600 nm region of

the visible range due to vibronic coupling of the (a0, 217.2 cm21) JT-active

vibrational mode to the electronic transition. Vibration along this mode

distorts mono-protonated C60-piperazine in an analogous way to a known

J-T active mode in un-derivatized C60.

Figure 7. Comparison of the experimental UV-Vis spectrum (bottom) with the theor-

etical one (top) for the di-protonated C60-piperazine, [C60PH2]
2þ.

H. Xu et al.276
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