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Pyrene fluorescence of a molecular donor–acceptor nanoaggregate induced by infrared (IR) radia-
tion with λ = 16 – 18 µm is considered. We assume that this nanoaggregate consists of two molecules,
exchanging energy by dipole–dipole interaction. The energy acceptor is an aromatic molecule. The
other molecule, the energy donor, is assumed to contain a substructure CnH2n which serves as antenna
for IR radiation. The antenna can accumulate collective vibrational excitations and transmit them to
the acceptor molecule. Acceptor fluorescence is possible if the amount of transmitted energy is equal
to the energy of its excited state in the visible part of the absorption spectrum. We analyse the fluo-
rescence of a nanoaggregate consisting of a donor with a C5H10 substructure and pyrene molecules
or pyrene dimers as acceptors. A method is proposed for determination of the ‘critical micelle con-
centration’ (CMC), i. e. concentration of a dissolved polymer, for which the polymer molecules are
beginning to aggregate.
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1. Introduction

The aim of our paper is to investigate a possibil-
ity to induce fluorescence of pyrene molecules indi-
rectly by infrared (IR) radiation in a situation when
the pyrene molecules are attached to hydrophobic po-
lar molecules within nanoaggregates. The hydropho-
bic component of these nanoaggregates is assumed to
contain CnH2n chains, which serve as IR energy ac-
cumulators and donors of the energy required for the
fluorescence of the pyrene acceptor molecules. Pro-
vided that the donor molecule in this nanoaggregate
has a dipole moment, the electric field of this mo-
ment is able to polarise the attached pyrene molecule.
This leads to an induced dipole moment with a value
depending on the distance between molecules in the
nanoaggregate. Such a nanoaggregate can be consid-
ered as a Van-der-Waals complex, in which the con-
stituents can exchange energy by dipole–dipole forces.
These nanoaggregates can be found in the core part
of micelle aggregates in water solutions of pyrene and

amphiphilic block copolymers with hydrophobic sec-
tors of the caprolactone type which are consisting of
hydrocarbon substructures C5H10 [1, 2].

Using results of our experimental works [3, 4],
we describe how CnH2n chains act as antennas for
IR radiation and accumulate vibration energy which
can be transmitted to pyrene acceptor molecules dur-
ing picosecond time intervals. If the accumulated en-
ergy exceeds the energy of the second band states of
the pyrene’s absorption spectrum, electronic excita-
tion can occur. Such states are usually excited by ul-
traviolet (UV) radiation [1, 2] and can relax through
fluorescence. We analyse the fluorescence of pyrene
monomers and dimers in the considered nanoaggre-
gates and propose a fluorescence probe method to
study micelle aggregation in solutions of block co-
polymers with hydrophobic sectors CnH2n by using
IR radiation with λ = 16 – 18 µm instead of commonly
used UV radiation with λ = 300 – 400 nm.

The sketch of the entire process is presented in Fig-
ure 1.
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2. Electric Property of a Pyrene Molecule and
a Pyrene Dimer Exposed to the Electric Field of
the Dipole Moment of a Neighboured
CnH2nCnH2nCnH2n-Chain

It is known that non-polar aromatic molecules can
obtain an induced dipole moment in the environment of
polar molecules. The energy states in the second band
of the absorption spectrum of aromatic molecules can
be changed by a polar environment, an effect known as
spectral shift. We consider nanoaggregates consisting
of pyrene as an acceptor and molecules containing the
substructure C5H10 as a donor.

Earlier we calculated the induced dipole momen-
tum of aromatic molecules arising in the electric field
of the permanent dipole moment µ0 of the substruc-
ture CnH2n [5] by using a valence model [6, 7]. By this
model, we obtained the equation for the pyrene’s in-
duced dipole moment Dind in the considered nanoag-
gregate:

Dind =
2µ0α

R3 , (1)

where R is a distance between the centre of mass (c. m.)
of the substructures C5H10 and c. m. of the aromatic
molecule in the nanoaggregate. This nanoaggregate is
a weekly bound system with an equilibrium distance of
R = 3.75 Å which is a sum of the Van-der-Waals radii
of the donor and acceptor molecules [6]. The dipole
moment Dind is parallel to µ0. The parameter a is the

Fig. 1 (colour online). Sketch of the considered excitation
und relaxation process.

Fig. 2. Induced dipole Dind(1) in pyrene molecule (1) of
a dimer as a function of R (curve 1) and Dind(2) in pyrene
molecule (2) of the dimer as a function of R (curve 2), calcu-
lated by (3); induced pyrene dipole Dind as a function of R
(curve 3), calculated by (1).

averaged polarizability coefficient of pyrene [5]. The
functional dependence of Dind on the distance R calcu-
lated by (1) is presented in Figure 2.

At high pyrene concentrations in water solution
(Cpyrene ≥ 10−2 M) weekly bound pyrene dimers
are formed by long distance Van-der-Waals forces.
The equilibrium distance Rd of two planar pyrene
molecules in a dimer is equal to the double value of
the Van-der-Waals radius 1.85 Å for a single pyrene
molecule [6]. Thus, the value of Rd is about 7 Å. We
consider a nanoaggregate consisting of a pyrene dimer
and a CnH2n structure, which is a hydrophobic sector in
the core part of a nanoparticle, formed by amphiphilic
block copolymers in solution.

To analyse the probabilities for electronic excitation
and fluorescence of pyrene dimers in the mentioned
nanoaggregates induced by IR irradiation, we have to
calculate at first the induced dipole moment of a pyrene
molecule in the dimer when this dimer is exposed to
the electric field of a donor’s permanent dipole moment
µ0.

We denote Dind(1) as the induced dipole moment of
the pyrene molecule which is located at distance R be-
tween its c. m. and the substructure CnH2n, and Dind(2)
as the induced dipole moment of the second pyrene
molecule which is located at distance R + Rd between
its c. m. and the c. m. of the CnH2n substructure. The
parameter Rd is the equilibrium distance between the
c. m. of the pyrene molecules in a dimer. In addition
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to the electric field of the dipole moment µ0, the field
of the induced moment Dind(1) influences molecule (2)
and vice versa. Then the equations for Dind(1) and
Dind(2) have the form

Dind(1) =
2µ0α

R3
1

+
2αDind(2)

R3
d

,

Dind(2) =
2µ0α

(R1 +Rd)3 +
2αDind(1)

R3
d

.

(2)

From this equation system, we get

Dind(1) =
2µ0α

R3
1

+
2α

[
2µ0α

(R1+Rd)3 + 2αDind(1)
R3

d

]
R3

d

,

Dind(2) =
2µ0α

(R1 +Rd)3 +
2α

[
2µ0α

R3
1

+2αDind(2)
]

R3
d

with the solution

Dind(1) =

2µ0α

R3
1

+ 4µ0α2

R3
d(R1+Rd)3

1− 4α2

R6
d

,

Dind(2) =

2µ0α

(R1+Rd)3 + 4µ0α2

R3
dR3

1

1− 4α2

R6
d

.

(3)

Thus, the presence of the second pyrene molecule in-
side the nanoaggregate enhances the induced dipole
moment of each pyrene molecule compared to the in-
duced dipole moment of a single pyrene in a nanoag-
gregate. The result of calculations using equation sys-
tem (3) is presented in Figure 2.

3. Electronic Excitation of Pyrene by Transition
of Vibrational Energy from the
CnH2nCnH2nCnH2n-Substructures in the Nanoaggregate
Irradiated by IR Photons

In former works [3, 4, 8 – 10], we investigated the
accumulation of non-local collective vibrational exci-
tations (excimols) in CnH2n-chains (IR antennas) in-
duced by IR radiation with λ = 16 – 18 µm. Each ex-
cimol has the energy Eex = 0.07 eV and the lifetime
τex ≈ 10 ps [3, 4, 8]. The excimol excitation probabil-
ity Pex is equal to

Pex = 4π
2/3h̄ce2(D0/r0)22M2

01JτR/Eex , (4)

where e(D0/r0)M01 is the magnitude of the transition
dipole moment for the two states of a CH-dipole; r0 is
the equilibrium length of a CH-dipole and eD0 is the
value of its dipole moment; J and τR are intensity and
time of IR radiation. The number of excimols K ac-
cumulated during the time τR ≤ τex in an IR antenna
CnH2n with a real number MR = 2n of dipoles is de-
fined by

K = PexMRτR/τtr = MPex , (5)

where τtr is the time of energy transmission between
neighboured dipoles. The value M is the effective num-
ber of antenna dipoles involved in the excimol excita-
tion.

The IR intensity J, which is needed for excitation of
K excimols, is derived from (4) and (5):

J =
K

M4π2/3h̄ce2(D0/r0)22M2
01τR/Eex

. (6)

If the energy E(K) = KEex is equal to the energy Eel =
3.7 eV of the highest maximum on the second band
of the pyrene absorption spectrum, a resonant transi-
tion of the energy E(K) to the pyrene molecule can
occur due to interaction between the induced pyrene
dipole moment and the permanent dipole moment of
the donor molecule in the considered nanoaggregate.
The probability function Pel of this process during τR
obtained in the frame of the quantum perturbation the-
ory is

Pel = (4π
2/h̄c)(K2E−1

ex PK
MPex)

· τR

[
e(D0/r0)e(Dind/Rp)(M01Mel)

]2
R−6 ,

(7)

where Rp is the equilibrium length of the pyrene’s in-
duced dipole moment. The value Mel = 〈ψ0|X |ψ1〉 is
the dipole transition’s matrix element, ψ0 and ψ1 are
wave functions of the pyrene ground and 3.7 eV states.
These functions are calculated in the frame of the po-
tential box model [7, 11]. This model assumes that π-
electrons move freely along the perimeter L = 14l0 of
aromatic molecules without leaving it. The perimeter
consists of N substructures HC=CH−CH with length
l0. According to the box model, M2

el = 7l2
0/π2 with l0 =

1.4 Å for pyrene. The function PK
M in (7) is the proba-

bility of K excimol excitations in the IR antenna with
M effective dipoles [9]. We calculated the probability
function Pel versus parameter R for the pyrene’s elec-
tronic excitation energy Eel = 3.7 eV and the C5H10
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antenna with Mr = 10. Figure 3 displays the results of
this calculation.

The relaxation of the electronically excited pyrene
nanoaggregate irradiated by IR photons happens by
fluorescence with λ at 372 nm, 384 nm, and 392 nm [1,
2].

If the acceptor in the nanoaggregate is a pyrene
dimer irradiated by UV photons, only one of the dimer
molecules is excited [6]. The pyrene’s excimer fluo-
rescence spectrum induced by UV photons with λ =
334 nm is a broad band with a maximum at 478 nm [1,
2]. It is possible to induce electronic excitation and flu-
orescence by using IR photons instead of UV photons
when the acceptor in the nanoaggregate is a pyrene
dimer. We calculate the probability function Pel of
the pyrene electronic excitation in the dimer by en-
ergy transmission from antenna to pyrene (1) with
induced dipole moment Dind(1) as a function of R.
We do not consider the electronic excitation of the
pyrene (2), since the probability of this excitation is
negligible because of the influence of distances. As
it follows from (1) and (3) and Figure 2, the value of
Dind(1) for a definite R is much bigger than the value
Dind (pyrene monomer dipole moment in the field of
µ0). Thus, the probability of electronic excitation and
following fluorescence of a nanoaggregate containing
a pyrene dimer is much higher than for the nanoaggre-
gate with a pyrene monomer. The corresponding prob-
ability function Pel calculated by (7), in which we used
Dind(1) instead of Dind, is presented in Figure 4.

The relaxation of the electronic excited pyrene
dimer in the nanoaggregate irradiated by IR photons
takes place by fluorescence.

Fig. 3. Probability function Pel for electronic excitation of
pyrene (Eex = 3.7 eV) versus distance R, calculated by (7).

4. Critical Micelle Concentration Determination
using Fluorescence of Pyrene Irradiated by
IR Radiation

The potential of the interaction between a perma-
nent dipole moment in the C5H10 substructure and
the induced dipole moment of pyrene in the consid-
ered nanoaggregate is a perturbation of the pyrene’s
energy operator. Thus, the dipole–dipole interaction in
this nanoaggregate is the main reason for the red shift
appearance in the pyrene’s absorption spectrum.

The red shift was experimentally observed in ab-
sorption spectra of pyrene saturated in solution of
amphiphilic copolymer with hydrophobic polar and
hydrophilic sectors for the definite concentration of
the solution irradiated by UV photons with λ =
300 – 400 nm [12, 13]. The red shift appears be-
cause for a proper concentration of the solution men-
tioned above, polymers are able to aggregate and
form micelles, composed of a hydrophobic core and
a hydrophilic shell. Hydrophobic pyrene molecules
were trapped within cores and formed Van-der-Waals
nanoaggregate together with hydrophobic sector. The
concentration of the amphiphilic organic macro-
molecules in the solution, in which these molecules
begin to aggregate, is known as critical micelle con-
centration (CMC) [14]. It was observed that, if the
pyrene concentration in the solution is constant and the
concentration of the considered molecules exceeds the
CMC value, the pyrene fluorescence intensity rapidly
increases. With further increasing concentrations of
the amphiphilic molecules, the pyrene fluorescence in
the solution becomes and then remains stable. Besides

Fig. 4. Probability function Pel for electronic excitation of
pyrene (1) in dimer (Eex = 3.7 eV) versus distance R, calcu-
lated by (7).
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that, a red shift of the (0.0) excited state in the long-
wave part of the pyrene absorption spectrum appeared
with a value about 2 – 3 nm, and needs to be measured
by a special device. Below the CMC value of the am-
phiphilic molecules, the micelles begin to disassemble
and the fluorescence intensity of pyrene is the same as
in pure water [12]. These properties of the pyrene fluo-
rescence are used to determine CMC values in a flu-
orescence probe method for clinical applications. In
this method, UV-lasers with λ = 300 – 400 nm are usu-
ally applied to induce electronic excitation and fluo-
rescence of pyrene in solutions with variable concen-
trations of an amphiphilic polymer. It was noticed that
the application of UV radiation in fluorescence probe
studies can lead to misinterpretations of the results as
UV radiation can cause some photochemical reactions
in the considered solution and also can induce fluores-
cence of pyrene molecules in water and in micelles si-
multaneously [14, 15].

We suggest an alternative pyrene and pyrene dimer
fluorescence probe method for CMC determination in
cases when aggregated amphiphilic polymers with hy-
drophobic sectors CnH2n are used. Such polymers with
sectors C5H10 were recently applied for a micelle for-
mation [1, 2]. Pyrene dimers appear in the solution
when the pyrene concentration is about 10−2 mol/L.

Fluorescence occurs in a pyrene solution in the pres-
ence of amphiphilic polymers when the solution is ir-
radiated by IR photons with λ = 16 – 18 µm and the
polymer concentration of this solution is equal to or
higher than the CMC. At this concentration the poly-
mer aggregation is starting and micelles are formed.
The pyrene and the pyrene dimers are then dissolved
in the micelle cores. Due to non-covalent Van-der-
Waals forces nanoaggregates appear when pyrene or
the pyrene dimer is the acceptor of the energy accu-
mulated in a CnH2n-chain (IR antenna) [16]. If this
energy is equal to the energy Eel of an electronic
excited state from the second band of the pyrene’s
absorption spectrum and if this energy is transmit-
ted to the acceptor, then the fluorescence photon can
be emitted. The fluorescence is a signal of micelle
formation because electronic excitation is possible
only if pyrene molecules or pyrene dimers are in-
side the micelle cores. The pyrene or pyrene dimer
molecules dissolved in water cannot be electroni-
cally excited by IR photons and their fluorescence
is not possible. In our method, a minimum radiation
flux of J = 330 GW/cm2 (λ = 17 µm, τR = 1 ps)

is required to produce pyrene monomer fluorescence
and also pyrene dimer fluorescence in the consid-
ered solution with a polymer concentration equal or
above the CMC. The water absorption of the con-
sidered radiation flux is negligible according to the
known fundamental vibrational frequencies of H2O
molecules [17].

The fluorescence intensity is increasing from a zero
value with an increasing polymer concentration above
the CMC because the number of aggregated micelles
increases. The CMC value can be determined by plot-
ting the fluorescence intensity versus the polymer con-
centration. In this plot, the tangent of the increasing
fluorescence curve will intersect the abscissa exactly
at the CMC.

5. Conclusion

We investigated a nanoaggregate consisting of two
polyatomic molecules which are able to exchange en-
ergy by dipole–dipole interaction. One molecule acts
as energy donor, the other acts as energy acceptor.
A required property of this nanoaggregate is that the
donor molecule has a CnH2n-substructure which is an
antenna for external IR photons with the energy of
0.07 eV (λ = 17 µm) and which can be vibrationally
excited by absorption of such IR radiation [16]. If the
antenna is exposed to a picoseconds pulse of these pho-
tons, the amount of vibration energy absorbed by the
antenna can reach the energy level of an electronic
excited state of the acceptor aromatic molecule, e. g.
pyrene. This molecule has no permanent dipole mo-
ment but is polarised by the electric field of the donor’s
dipole moment and obtains an induced dipole moment.
This effect opens up the possibility to transmit the ac-
quired vibration energy of IR photons to the accep-
tor molecule by dipole–dipole interaction and to excite
a low-level state of this molecule in the visible part of
its absorption spectrum, leading to the emission of flu-
orescence photons. For analysis of nanoaggregate flu-
orescence in IR external fields, we obtained analytic
expressions for the calculation of the induced dipole
moment and the probability for the transition of the
accumulated donor energy to the acceptor. The calcu-
lations have been performed for the case of nanoag-
gregate consisting of pyrene monomers or dimers as
acceptors and donor molecules with C5H10-IR anten-
nas. As it was shown, the induced dipole moment
of pyrene in the dimer inside the nanoaggregate is
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significantly higher than the induced dipole moment
of pyrene monomer. Thus, the pyrene excitation and
the probability for following fluorescence of pyrine
dimer in the nanoaggregate is higher than in the pyrene
monomer.

The obtained results can be applied as an alterna-
tive method to determine the CMC (critical micelle
concentration) which defines conditions for aggrega-

tion or disintegration of micelles in solutions. This
method permits to avoid the disadvantage of possi-
ble misinterpretations of fluorescence probe measure-
ments caused by ambiguities of detected UV-laser-
induced fluorescence spectra. By low-energy IR pho-
tons with wavelengths of about 17 µm, we exclude
possible UV-induced dissociation of the dissolved mi-
celles and probe molecules.
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