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The behavior of methylpheophorbide a in solution was studied by diffusion ordered NMR spectroscopy (DOSY), and its
molecule association degree was estimated. It was found that methylpheophorbide a associates consist of an average
of 4-5 molecules at room temperature. When the temperature increases the associate's size decreases, and at 50-55 °C
the associates size approaches to the size of the monomer.
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Memoodom sdepnoti mazHumuou ou@@ysuonno-opuenmuposanroii cnexkmpockonuu (DOSY) uzyueno cocmosnue
memuagheoopbuda a 6 pacmsope, u 8bINOIHEHA OYEHKA CIENeHU AcCoyuayuu e2o MoaeKyl. Yemanogneno, umo npu
KOMHAmMHOU memnepamype accoyuamol memuigeogopouda a cocmosm 6 cpeonem uz 4—5 monexyn. Ilpu nosviuenuu
memnepamypul pasmepuvl accoyuamos ymenvuaromest u npu 50-55 °C npubnusicaromes Kk pazmepam moHomepa.

Karouesle ciioBa: Metmindeodopoun a, muddysnonno opuentupoannas SIMP criekrpockonust (DOSY), acconmarys.

Introduction

It is known that porphyrin compounds play an
important role in nature and find wide application in
various fields. Therefore, intensive studies on the synthesis
and chemical reactions of natural and synthetic porphyrin
compounds are carried out as well as the study of their
properties (optical, catalytic, and biological, etc.). One of the
most important properties of porphyrin compounds is their
tendency to association in solutions.!'*! Reliable information
about the porphyrin association processes is essential in
the planning of the synthesis and chemical modification of
these compounds for practical and scientific applications.
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The association of natural and synthetic porphyrins is of
great importance in a variety of processes. The associate
formation affects on the reactivity of porphyrins in solutions.
An important characteristic of the association processes is
the molecules number forming an associate (the association
degree). The average number of molecules in the associate
can be estimated by DOSY method (diffusion ordered
NMR spectroscopy) which allows to directly determine the
self-diffusion coefficients D of molecules in solution.”7 It
is known that DOSY method can be used for study of the
molecules association in a solution, this method allows to fix
the formation of molecular associates with relatively strong
hydrogen bonds or ionic interactions between molecules.1
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DOSY method was also used for multiporphyrin systems
molecular weights estimation, but the porphyrin macrocycles
in the objects of these investigations are connected with
involvement of covalent bonds,'" or through strong
coordination interactions,!'>'"! or hydrogen bonds.!'® The
porphyrin associates with weaker intermolecular interactions
have not been investigated by this method. We have studied
the methylpheophorbide a (1) (Figure 1) behavior in solution,
and its molecule association degree was estimated by DOSY
measurement at various temperatures.

M, = 178.23
. (2)
CO,CH s Yo CHCl
2 3 602CH3 Mr = 11938
M, = 606.72 (3)

(1)

Figure 1. The structures and the relative molecular mass
of the investigated compounds ((1) — methylpheophorbide a,
(2) — anthracene, (3) — chloroform).

Experimental

Methylpheophorbide a (1) was obtained from the lipid
fraction of Serratula coronata extractives.'"”! Chemically pure
grade anthracene (2) (Reakhim) was used without further
purification. The measurements were carried out on Bruker
Avance II spectrometer (300 MHz). The methylpheophorbide
a and anthracene concentrations in the CDCI, solution tested
were 2.2 and 1 mg per ml respectively. The solution height in the
ampule was 40 mm. 1: 'HNMR (300 MHz, CDCI,, 25 °C) §,, ppm:

9.60 (s, 1H, H'), 9.46 (s, 1H, H®), 8.63 (s, 1H, H*), 8.04 [m, 1H,
3-(CH=CH,)], 6.33 [d, 1H, 3-(CH=CHH ), J=18.3 Hz], 6.30
(s, 1H, H®®), 6.23 [d, 1H, 3-(CH=CHH ), J=11.0 Hz], 4.51 (q,
IH, H8, J=6.6 Hz), 4.25 (br. d, 1H, H”, J=8.1 Hz), 3.91 (s, 3H,
13(2)-COOCH,), 3.74 (q, 2H, 8-CH,CH,, /=173 Hz), 3.73 (s, 3H,
17-CH,CH,COOCH,), 3.61 (s, 3H, 12-CH,), 3.45 (s, 3H, 2-CH,),
3.28 (s, 3H, 7-CH,), 2.75-2.47 [m, 2H, 17-(CH,CH,COOCH,)],
2.44-2.19 [m, 2H, 17-(CH,CH,COOCH,)], 1.85 (d, 3H, 18-CH,,
J=17.3 Hz), 1.74 (t, 8-CH,CH,, J=17.3 Hz), 0.59 (brs, 1H, I-NH),
-1.60 (br.s, 1H, III-NH). 2: '"H NMR (300 MHz, CDCl,, 25 °C) §,,
ppm: 8.46 (s, 2H, H?, H'?), 8.04 (m, 4H, H', H*, H°, H®), 7.50 (m, 4H,
H2, H3, H®, H’). The DOSY experiment parameters for the program
stebpgpls: D 20=0.1 s; P 30=1600 us; NS=16; td (F1)=32. The
experiments were carried out at various stabilized temperatures in
the range of 10-55 °C (Table 1), using an air cushion for external
vibrations influence reducing. The gas flow rate in a thermostat
was 670 1/h, the purging was carried out by air at room temperature
and at temperatures above, when temperature was lower than room
temperature the purging was carried out by nitrogen.

Results and Discussion

We have studied the resizing of molecular associates
formed by porphyrin when temperature changes to
assess the methylpheophorbide a 1 association degree.
The associates sizes was determined relative to fiducials
compounds (chloroform and anthracene) by the measuring
of self-diffusion coefficient D of all contained in a solution
molecules by DOSY method (Table 1). The assessment
of the association degree was performed with the obvious
assumption that the average number of molecules in
the associates decreases as the temperature rises, and at
achievement of a certain temperature, there is a complete
destruction of the associates. Since this temperature and its
further increasing the associates degenerate into monomers,
and sizes of methylpheophorbide a formed particle will not
be further changed. It allows to experimentally determine
the temperature of the transition to the monomeric state of

Table 1. The self-diffusion coefficients D of methylpheophorbide @ (1), anthracene (2), and chloroform (3) at different temperatures.

The measured
self-diffusion coefficients

The effective size ratio
(the average number of
molecules of 1 or 2 in

Self-diffusion coefficients,
adjusted for convection

T.°C (D, 10 m?/s) (D, 10" m/s) assooiats)
1 2 3 1 2 3 1/3 23
10 1.6 23 33 0.4 11 2.1 145 (12) 7.0 3)
13 1.2 2.0 3.0 0.4 1.2 22 166 (14) 6.0 (3)
16 0.9 1.8 2.7 0.5 1.4 23 97 (8) 44(2)
19 0.8 1.6 2.6 0.6 1.4 2.4 64 (5) 5.0 (2)
2 0.7 1.6 25 0.6 1.5 24 64 (5) 4.0(2)
25 0.7 1.7 2.6 0.7 1.7 2.6 51(4) 3.6(2)
28 0.9 1.9 2.8 0.8 1.8 2.7 383) 33(2)
31 1.0 2.0 3.0 0.9 1.8 2.8 30 3) 38(2)
34 1.2 23 32 0.9 2.0 2.9 333) 3.1(1)
37 14 24 3.4 1.0 2.0 3.0 27(2) 34(2)
40 15 26 36 1.0 22 3.1 30 3) 2.8 (1)
45 1.9 32 4.0 11 25 33 27(2) 2.3 (1)
50 24 3.6 44 1.4 2.7 35 16 (1) 2.1(1)
55 3.1 42 5.1 1.6 2.8 3.7 12 (1) 2.3 (1)
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the porphyrin (temperature of associates destruction). The
effective size of the molecules at this temperature is equal
to the monomer effective size and further comparing of
the molecules effective size of the compounds studied at
different temperatures gives an indication of the association
degree changing with the temperature variation. It should be
noted that it is not necessary to know the absolute size of
the particles formed by the porphyrin in solution to solve
this problem. It is enough to determine the relative change
of the associates effective size. It can be done by comparing
the D values of the test compound with coefficients D of
substances that are not inclined to the association in solution.
According to the well-known Einstein-Stokes equation:

kT

D=
67nr

(M

where k, is Boltzmann constant, T is absolute temperature,
is viscosity coefficient, and r is the hydrodynamic radius of
the particle. Thus, the volume ratio V of molecules such as 1
and 3 is equal to:

The accurate measurement of the associates true
size is very difficult in routine DOSY experiment. The
Einstein-Stokes equation provides only estimated values in
assuming spherical particle shape, the complete absence of
convection, temperature gradients, the solvation shell and
number of well-known assumptions.[*”! However, the ratio
of the effective volumes determining is much more simple
task which is feasible on a routine equipment. By comparing
the effective volumes of the compounds not prone and prone
to association in the solution, we can try to fix the association
of the latter. The compounds not prone to the association can
be selected as the reference, in this case they are anthracene
and undeuterated chloroform contained in deuterated (since
the concentration of nondeuterated chloroform in deuterated
one is sufficient for measurements, additional CHCI, was
not added). Anthracene is in some measure geometric analog
of porphyrin (it is aromatic molecule which hydrodynamic
shape is quite acceptable to the spherical approximation,
and it is clear from the chemical structure that it is much
less prone to form associates no groups in the molecule
capable of forming strong hydrogen bonds may only staking
interaction). Chloroform was also selected as a reference
compound, since it does not form associates and, in addition,
to achieve the purpose of the experiment determining the true
scope of the particles is not required despite the difference in
size of the molecule and its composition.

At temperatures different from the room temperature,
the measurement results of the coefficient D may be distorted
the existence of convection (see Table 1). To obtain correct
results it is necessary to weaken the convection processes. It is
necessary to divide the diffusion and convective contributions
to the motion of molecules, because of it seems to be almost
impossible to completely get rid of convection. To minimize
convective currents, we have used a capillary tube disposed
along the axis of the ampoule (capillary diameter is 1.5 mm for
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a standard ampule internal diameter 4.2 mm). Despite of the
sample volume decreasing, the presence of such a capillary
does not lead to a significant reduction of the NMR signal
at signal/noise ratio and allows experiments DOSY at quite
an acceptable increase of the signals accumulation time. The
solvent evaporation during the experiment can also induce
convective flows, especially at high temperatures. They are
related to concentrations equalization in the surface layers,
where evaporation takes place, with the bulk solution. The tube
was hermetically sealed by parafilm to reduce the evaporation
of chloroform. As a result, the sample volume was not change
during the experiments as well as for a time of about a week
or more. Thus the evaporation and the related convection
processes were reduced to a minimum. The measures taken
have allowed to eliminate the convection influence and to the
extent that has allowed the coefficients D measurements with
accuracy of about 10 % (measuring accuracy was estimated
relative peak width ratio D on the two-dimensional spectrum
DOSY in relation to the value of D to the peak).

Accounting for the remaining convective flow has been
made according to the following procedure. Since in our DOSY
experiments we have used the samples mode of thermostating
before the experiment starting and the sample was heated
at a predetermined temperature for at least 20 minutes, the
convective flow in the sample can be considered as stationary.
The estimation DOSY experiments to measure the ratio D in
the process of thermal stabilization were conducted to test the
convection currents stationary. The measurements have shown
that 15 minutes are sufficient time for D value varied no more
than 10 % when heat setting time increases. For stationary
convective currents at a certain temperature it is naturally
assumed that the convection velocity of components with
different weight and a structure will be the same in solution. It
is also reasonable to assume that at room temperature, in the
absence of temperature gradients and minimize of evaporation,
the convection contribution to the coefficient D value is
minimal. Disregarding this contribution, we can use the self-
diffusion coefficient at room temperature to calculate the
temperature dependence D (T) for the reference compounds.
This can be done based on Einstein-Stokes equation and on
the known viscosity temperature dependence of the solvent.*”
The experimental temperature dependence of D will differ
from the calculated on the value of the convection contribution
D (T). Thus, subtracting from the experimental dependence
D the reference substances (chloroform and/ or anthracene)
calculated dependence of the reference substance, we obtain
the temperature dependence of the common to all compounds
convection contribution D (T). Subtracting the description
of the experimental curve D for porphyrin the temperature
dependence D (T) is obtained above temperature dependence
of D for a given sample considering the convection, i.e.
the revised values of porphyrin self-diffusion coefficients
at different temperatures were obtained. Coefficients D
corrected according to the procedure described above and
ratio of methylpheophorbide @, anthracene and chloroform
effective sizes calculated from the data obtained are presented
in Table 1.

Analysis of the data obtained leads to the following
conclusions. The presence of three well-resolved peaks on
the diffusion axis correlated with methylpheophorbide a,
anthracene and chloroform peaks in the 'H NMR spectrum
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Figure 2. Two-dimensional DOSY spectrum of methylpheophorbide a and anthracene solution in CDCI, at 25 °C.

suggests that available in solution compounds do not form
associates, consisting of different molecules (e.g., methyl-
pheophorbide a and anthracene or methylpheophorbide a
and chloroform, Figure 2). Therefore, if there are associa-
tion processes, it is self-association in any case. Chloroform
possesses the lowest propensity to associate among all com-
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Figure 3. The methylpheophorbide a 1 effective volume
(Dc11c133/D13; ®) and anthracene 2 (D, */D,’; W) dependence
on temperature.

CHCl,
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pounds contained in the solution. This can be seen by the
weakest temperature dependence of chloroform self-diffusion
coefficient D compared to anthracene and porphyrin. The
strong temperature dependence of D for the porphyrin is due,
apparently, the destruction of its associates with increase of
temperature. Other variants are difficult for explaination from
a chemical point of view. For example, we assume that the
effective sizes of the associates formed by methylpheophor-
bide a and anthracene do not change, the effective size of chlo-
roform and towards methylpheophorbide a, and in relation to
anthracene increases with increasing temperature. Obviously,
this does not correspond to the generally accepted ideas about
the association processes. Despite the limited possibilities of
the intermolecular interaction in the case of anthracene at low
temperatures the formation of an associate in the average of
the three molecules is also observed. Therefore best refer-
ence compound in this experiment is chloroform. Comparing
the size of particle formed by methylpheophorbide a 1 with
a size of particle formed by anthracene 2 and chloroform 3
it is able to record strong decrease of the particle size formed
by porphyrin 1 with increasing of temperature (Figure 1).
The greatest changes were observed in the case of a methyl-
pheophorbide a. Dependencies of Dcnc133/D13 and Dcac133/Dz3
on temperature are exponential (Figure 3), that corresponds to
the desire for the complete destruction of the associates with
increasing temperature, and the exponential growth of mol-

Maxkpozemepoyuxnvt / Macroheterocycles 2015 8(4) 389-393



ecules number in the associate with temperature decreasing
(in practice it means crystallization center formation followed
by solid phase formation in the case of insufficient solubil-
ity of compound 1, or freezing of the solvent). It can serve
as an additional argument in favor of using the effective vol-
umes of methylpheophorbide @ 1 and anthracene 2 (measured
as D, /D’ and D, ”/D,’ respectively) as a quantitative
measure of the association 1 and 2. Weak dependence on tem-
perature of 1 and 2 effective dimensions at region of 45-55 °C
means that at 55 °C almost complete destruction of associ-
ates occurs, and effective size of 1 and 2 at this temperature
corresponds to the monomeric molecules size. Assuming that
the number of molecules in the associate is in proportion to
its size, at temperatures near to room temperature (19-25 °C)
methylpheophorbide a 1 associates consist of an average of
4-5 molecules, and when the temperature is lowered to 10 °C
the association degree increases as expected, (the degree of
association at this temperature 8—14). Anthracene at the same
temperature range forms associates no more than 2-3 mol-
ecules (see Table 1).

Conclusion

Thus, at this work the methylpheophorbide a behavior
in solution was studied by diffusion ordered NMR
spectroscopy (DOSY), and its molecules association degree
were estimated using of the dependence on temperature of
methylpheophorbide a effective size. A significant decrease
of the methylpheophorbide a effective size as the temperature
rises was observed. At temperatures of 45-55 °C particle
sizes vary slightly, what corresponds to the almost complete
destruction of methylpheophorbide associates. It was found
that methylpheophorbide @ associates consist of an average
of 4-5 molecules at room temperature.
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