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Influence of chemical exchange processes on the accuracy of determination of self-diffusion complexes of porphyrin-
nickel complexes was shown. A method of estimating the inaccuracy of the self-diffusion coefficients for an inverted
porphyrin complex was proposed. The values obtained using two different approaches to recording DOSY spectra, STE
and CPMG, were compared. Allowing for exchange was shown to be important for accurate diffusion measurements
and correct interpretation of results obtained in studied of molecular-level processes.
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B 0annoii pabome 6vin0 nokazaHo GuusiHUE OOMEHHBIX NPOYECCO8 HA MOYHOCMb ONpedeieHuss KOIp@uyueHmos
camooughyzuu HuKeIe8020 KOMNIeKca noppupunos. bvii npednogicen memoo oYyeHKU NOSPeUHOCmu KO3Qp@uyueHmos
camoouhyzuu 0Nk UHBEPMUPOBAHHO20 NOPPUPUHOB020 KommieKkcd. bbvli nposeden CpasHUmMeNbHbIll aHAIU3
Ko puyuenmos camoouh@yzuu 0ns 08yX pasiuyHulx no0xo006 nonayuenus cnekmpos 2D DOSY (STE u CPMG).
Tokaszana easicnocms yuema 0OMeHHbIX NPOYECCO8 OJisi NONYYeHUs: Oolee MOYHBIX KOIphuyuenmos camooupgysuu
U KOPPEKMHOU UHMEPnpemayuu pe3yiomamos, ROTYYEeHHbIX NpU UCCLe008AHUU NPOYECCO8, NPOUCXOOSMYUX HA
MONEKYISIPHOM YPOBHe.

Katouesbie caoBa: SIMP, 2D DOSY, xoapduumentsl camonuddys3un, XUMHYECKHH OOMEH, J-MOIYISIus,
WHBEPTUPOBAHHbIE TTOPOUPUHBEI.
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Introduction

NMR spectroscopy is widely used in investigations
of structure and dynamics of small molecular weight
compounds!' as well as of relatively large macrocyclic
molecules,’ ' including porphyrins.l'>"'*1 Modern NMR
methods play a special role in studied of formation of
intermolecular complexes and associates,'*® and in
identifying supramolecular assemblies.'”?* In studies
of intermolecular interactions in porphyrin complexes, a
number of efficient approaches can be applied, including
classical analysis of chemical shifts and relaxation times
and modern two-dimensional methods such as nuclear
Overhauser effect’?>?7 and diffusion-ordered spectroscopy
(DOSY).l'113.2834 Each of them has its own strong and weak
sides. Temperature dependency of the integral intensities
of cross-peaks in 2D NOESY spectra can yield reliable
information on the molecular interaction in the presence of
chemical exchange. However, this approach is rather time-
consuming and does not necessarily give full information
on physical-chemical properties and exchange parameters.
Another promising approach is analysis of self-diffusion
coefficients obtained in DOSY experiments. Today this
method is mainly used in qualitative assessment of mo-
lecular interaction. Obtaining reliable values which can be
used in qualitative analysis is not simple since there are
many factors influencing the final result; these are experi-
mental parameters which should be controlled with a high
accuracy (sample height, field homogeneity, pulse shape,
gas flow rate, etc.) and factors arising from the chemical
structure and intramolecular flexibility of characteristic
groups of the studied compound.

Figure 1. Scheme of the nickel complex of inverted 2-aza-
5,10,15,20-tetraphenyl-21-carboporhyrin.

In this paper we analyze two different approaches in
NMR spectroscopy for measuring self-diffusion coefficients
on the example of well-known inverse nickel-porphyrin
complexes (Figure 1).354% The choice of the object is justi-
fied by an observation that dimers often appear in synthesis
of these compounds.*'*?! Information on complex forma-
tion and on its existence in monomeric or dimeric form is
thus important. Furthermore, some of the metal-porphyrin
complexes are unstable, and kinetic studies of self-diffusion
coefficients can shed light on possible dissociation pathways
of these complexes.
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Experimental

Synthesis of the studied nickel complex was described ear-
lier.3343-461 Tts chemical structure was proved by 'H NMR spectros-
copy, 2D DOSY and 2D COSY spectra.l? NMR measurements were
carried out on a Bruker Avance III 500 instrument using a standard
5 mm probehead and TopSpin software. Temperature control was
achieved using a BVT-2000 unit and a BCU-05 chiller. Experiments
were performed at 303 K without sample spinning. Deuterated CDCI,
from Sigma Aldrich was used for sample preparation.

Two-dimensional diffusion-ordered spectroscopy experiments
were conducted using two different methods. The first is based
on the stimulated echo pulse sequence (STE) with bipolar field
gradient pulse and additional delays (LED), and the second is based
on the Carr-Purcell-Meiboom-Gill sequence (CPMG). Other
experiment parameters were the same: diffusion delay of 0.1 s (A),
64 scans per increment, 16384 complex points in the F2 dimension,
the ramp consisted of 32 gradient amplitudes.

Results and Discussion

The DOSY method is readily applied to systems in
which there are no exchange processes. Otherwise, problems
arise which influence the accuracy of determination of self-
diffusion coefficients.*”? This is due to the fact that most of
modern DOSY pulse sequences (such as Oneshot45)“84]
employ stimulated echo (STE) elements. Its goal is to elimi-
nate Foucault currents and effects of J-modulation. Magneti-
sation transfer occurring during the STE period due to either
chemical exchangeP®! of NOEPF? influences the resulting
spectrum; it increases the inaccuracy depending on the
excited region of the gradient pulse. This effect leads to ap-
pearing of intermediate signals in DOSY spectra. Moreover,
exchange processes can have an effect on the accuracy of de-
termination of self-diffusion coefficients. A classical way
to eliminate the J-modulation of the spin echo is using the
CPMG method (Carr—Purcell-Meiboom—Gill),**! in which
the spin-echo sequence is applied with a short delay between
pulses. Unfortunately, it requires high-power RF pulses
which lead to sample heating and arising of convection
which distorts the experiment results. In addition, short and
intense pulses also facilitate cross-relaxation (in this case
— nuclear Overhauser effect in rotating frame, ROE, unlike
NOE in the STE experiments). Another method of suppress-
ing J-modulation using quadrature 90° pulses in the middle
of the double spin echo period™*” was presented in B4; this
approach is sometimes called “ideal spin echo”.

In this paper, effect of exchange processes on accuracy
of diffusion measurements performed by two mentioned
methods is analyzed. Half-widths of the “diffusion spec-
trum” peaks were considered as the criterion of the accuracy.
The diffusion spectra were obtained by projecting 2D DOSY
spectra onto the indirect dimension (summation of 1D slices
over a certain range of chemical shifts). Each of the peaks
in these spectra corresponds to self-diffusion coefficients
of the studied compounds of their structural elements.

2D DOSY spectra of the nickel complex of inverted
2-aza-5,10,15,20-tetraphenyl-21-carboporhyrin,  obtained
using STE (Figure 2) and CPMG (Figure 3) approaches,
show that the complex experiences chemical exchange with
the solvent which leads to broadening of the DOSY peaks.
Thus, inaccuracy (standard deviation) for corresponding atom
groups should be taken into account in quantitative analysis
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of DOSY. Moreover, the values obtained using different
experimental techniques (STE and CPMG) may differ due
to abovementioned factors. The difference between observed
self-diffusion coefficients of the solvent and porphyrin may
also vary in the presence of exchange. Hence, an internal
diffusion standard should be used for quantitative measure-
ments of diffusion, as it was shown for other systems.b!
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Figure 2. DOSY of the nickel complex of inverted
2-aza-5,10,15,20-tetraphenyl-21-carboporhyrin, obtained using
STE. Numbers represent the inaccuracies in the self-diffusion
coefficients (m?%s).
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Figure 3. DOSY of the porphyrin-nickel complex, obtained using
CPMG. Numbers represent the inaccuracies AD (m?/s).

To reveal the effect of exchange, standard deviations
of the self-diffusion coefficients obtained for the charac-
teristic groups of porphyrin which are subject to exchange
(NH group) and do not experience it (phenyl and pyrrole ring
protons) were analyzed.

The STE-based method gave the value of
AD=0.98-10""" m?/s for groups not involved in chemical
exchange, which is three time larger than it was in CPMG-
based measurements (0.29:107'° m?%/s). For the groups subject
to exchange, the inaccuracy in the first case was an order
of magnitude larger than in the second method (2.29-107
and 0.21-107', respectively). Note also that the standard
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deviation characterizing the solvent’s diffusion rate changes
insignificantly. Moreover, an artifact exchange peak appears
(shown by an orange arrow in Figure 2). Figures 4 and 5
show clearly these differences in the DOSY projection
spectra obtained for characteristic resonance frequencies
of amide protons (Figure 4) and protons of the porphyrin
core (Figure 5). Evidently, the STE-type experiment gives
peaks resembling Gaussian line for both NH and non-
exchanging protons, while the CPMG-based method gives
a narrow line with a shape close to Lorentzian one.

3
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2D DOSY CPM 021X107,
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[m2/s+1s-9]
Figure 4. Projections of the STE-based (blue line)
and CPMG-based (red line) 2D DOSY spectra of the nickel-
porphyrin complex for the NH group.
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Figure 5. Projections of the STE-based (blue line)

and CPMG-based (red line) 2D DOSY spectra of the nickel
complex of inverted 2-aza-5,10,15,20-tetraphenyl-21-
carboporhyrin for the ortho-, meta-, and para-protons

of the phenyl rings and protons of the pyrrole rings.

Thus, not only J-modulation but also exchange pro-
cesses in the studied system should be considered in quanti-
tative analysis of complex formation. At the same time, it is
not always possible to use the solvent as the internal diffusion
standard, and some other compound should be added for this
purpose. Otherwise, analysis of the self-diffusion coefficients
can lead to erroneous conclusions about the molecular-level
processes. Proposed method of estimating the inaccuracies
in self-diffusion coefficients may be used for various organic
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molecules. CPMG-based DOSY technique allows conduct-
ing quantitative description of the behavior of the studied
system in different states (temperature, concentration, etc.).
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