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Solution-state NMR spectroscopy remains the primary method for
characterizing synthetic supramolecular assemblies. Yet, in their
NMR spectra, relaxation interference effects can significantly alter
peak intensities hindering interpretation. Here, we present a
simple experiment for synthetic chemists to analyse this effect,
allowing interpretion of these distorted spectra and validation of
spectral assignments. We apply this experiment to synthetic
porphyrin oligomers with molecular weights approaching those of
protein domains (10 kDa). Our experiment provides a simple
means to gain additional structural and dynamical information
that will become increasingly useful as chemists create larger
molecular architectures.

Improvements in synthetic methodology have led to
increasingly high molecular weight organic molecules.
Illustrating this, methods have been developed for preparing
covalent porphyrin oligomers with up to fifty porphyrin
fragments1 in cyclicz‘3 (Fig 1A, S1), linear’ and tubular
assemblies.” In solution-state NMR spectra of these
complexes, puzzling anomalous patterns in homonuclear
multiplet components have been observed, as exemplified by
the B-pyrrole protons in a 10.2 kDa cyclic porphyrin hexamer
(c-P6, Fig 1A). The effect resembles strong-coupling ’roofing’,
except that the relative intensities in one of the doublets is
reversed (Fig 1A), and the effect is present in the weak-
coupling limit. Intriguingly, this effect becomes more
pronounced as the molecular weight of the system increases
(Fig 1B), inviting us to take a thorough experimental and
theoretical investigation into the origin of this behaviour.

In general, the relaxation rates of different components of
a scalar coupled multiplet are not identical. Relaxation in NMR
is caused by molecular motion producing rapidly fluctuating
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magnetic fields at the spin under study.6’7 The main sources of
these fields for spin-1/2 nuclei are dipolar interactions and
chemical shift anisotropy (CSA), a measure of the angular
dependence of shielding or de-shielding by proximate
functional groups. In a rigid molecule, fluctuations in the two
fields are correlated, which can lead them to interfere both
constructively and destructivelyg'9 for different parts of a scalar
coupled multiplet (Fig 2A). This ‘relaxation interference’ results
in different components within a scalar coupled resonance
showing different linewidths and intensities (Fig 2A). To the
best of our knowledge, these effects have not previously been
directly observable in NMR spectra of synthetic molecular
structures, although they are frequently encountered in the
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Figure 1 A. 'H spectrum of a cyclic six porphyrin ring c-P6 measured at 600 MHz together

f‘ﬁ

with its structure (inset, R = Si(CgHi3)3) and schematic representation. The B-pyrrole
proton adjacent to the aryl group is ‘I’ and that adjacent to the alkyne is ‘S’. The
porphyrins used in this study have one of three R groups: R = Si(C¢H13)s (THS), t-Bu or
OCgHy7. Here, the relatively broad component of each doublet is associated with the B
state of the coupled spin (J>0). B. The 'H resonances from the B-pyrrole protons of i) P1
(R = t-Bu) and ii) c-P6T6 (R = THS). The anomalous effect is more prominent in the larger
oligomer.
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Figure 2 A. Magnetic fields induced by the dipolar and CSA interactions can interfere
constructively (i) or destructively (ii) to give broader (i) or sharper (ii) resonances. B(i)
Pulse sequence used to measure relaxation interference rate for individual
components (ii) Inserting a high power 180° degree pulse mixes a and B spin states to
give average relaxation rates. The tall black pulses are at maximum amplifier power
and the shorter ones are low power 180° pulses of duration \/3/2Av where Av is the
difference in chemical shift |v,-vs| in Hz and phase cycles @; = (x,y,-X,-y),D,=(y,-X,-y,X)
and D = (X,¥,-X,-y). The total duration of relaxation period T,e., = 4tn where t=2 ms.
C. The two pulse sequences give peaks with different ratios of heights. D Under
sequence B(i) the two components of the | spin doublet relax at distinct rates
whereas under sequence B(ii) they appear to relax at the same rate.

field of biomolecular NMR. Moreover, techniques have been
developed that exploit relaxation interference, selecting only
the destructively interfering components. Such ‘TROSY’ spectra
enable macromolecules up to the MDa range to be studied.”®”
' The intensity distribution and relaxation rates that define a
scalar coupled multiplet contain detailed information about
both the CSA, which depends on the electronic structure of the
molecule, and the rate at which the molecule tumbles in
solution. Although heteronuclear cross relaxation effects have
been exploited in biomolecular studies, homonuclear effects
have received relatively little attention. The move toward
larger synthetic systems demands that these effects are
properly recognised in chemical NMR applications and the
potential for their exploitation realised. The methodology
presented here addresses these needs directly, providing both
a simple pulse sequences to reveal the effect (available in
Bruker, Varian and GE Omega formats), and the computational
means to analyse the data (supplementary section 3).

To reveal the effects of relaxation interference, it is
necessary to measure rates of the individual
components of a multiplet. In the case of a homonuclear
doublet, the individual components can be associated with the
coherence of the peak of interest (denoted ‘-’) and the spin
state of the coupled nucleus (denoted ‘@’ or ‘B’). The four
observed resonances from a homonuclear AX spin system are

relaxation
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identified as IS, 1.Sg, 1,S. and IgS.. Transverse relaxation rates
would conventionally be measured using a cPMG™1®
sequence or similar.” In such experiments a and B spin states
of the coupled spin will be switched by each 180° pulse in the
non-selective CPMG pulse train, averaging out any relaxation
interference effects (Fig 2D). Here, we put forward a simple
homonuclear spin-state selective pulse sequence suitable for
this task.

Decoupling each spin from its scalar coupled partner
requires ‘semi-selective’ refocusing18 where the chemical shift
of the spin of interest (-) is inverted at intervals, and not the
spin of the coupled nucleus (‘a’ or ‘B’). To avoid the need for
longer pulse durations which could challenge measurement of
large R, values (Fig S3), we achieve spin state selective
decoupling here through the use of selective low-power
rectangular pulsesl9. If the duration of the pulse is set to
(V3 /2)Av where Av is frequency difference in Hz between
the | and S spins, and the B; field calibrated such that the on-
resonance spin is inverted, the coupled spin will experience no
excitation (Fig S3). The pulse sequence (Fig 2B) is run for a
variable number of refocusing blocks, and the intensity of each
peak, [, is recorded as a function of time, ¢ allowing the
effective relaxation rate, Rz to be determined from
I =I,e R2t, Due to overlap between the individual
components, it is necessary to fit the doublet shape as the sum
of two resonances, subject to the restraints that peak position
and shape do not vary with time (Section S3). From this
procedure, the rates R;"SB and Ré‘s"‘ are obtained with the
180° pulse zero excitation point set to the S spin chemical shift.
The second doublet is measured by switching the S and |
labels. While both rates appear identical using a conventional
CPMG experiment, differences are revealed with our selective
pulse sequence (Fig 2C/D).

The relaxation rates of the multiplet components can be
derived using the Redfield equation for an AX spin systemw'8
(and for AX, more generally, Section S5):

RI-Sa

2 (RB + RZ + 2P2cos(0)RcRp)f + R fanp

1_Sp

R,

(R% + REZ — 2P3 cos(8) RcRp)f + Rj fapp 1)

The constants Ry and R¢ reflect the strength of the dipolar and
CSA interactions respectively (Section S5). The sign of the
relaxation interference term in RcRp alternates depending on
both the interaction strength and the angle between the CSA
tensor and the dipolar field 6. The terms f and fipp depend
principally on the rotational tumbling time of the molecule, 1.
(Section S5). Most notably, as R, is proportional to the
magnitude of the field strength, so too is the difference in
relaxation rates:
I-Sg 0

= 4P; cos(0) R¢Rpf . )

1_Sg
Ry« —RF =

Rotational tumbling also affects the difference in relaxation
rates, through the factor f (Section S5).
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Figure 3. Plots of relaxation rates (R;) as a function of magnetic field strength for 1S, I.
Sg, 1S and 1gS. coherences for each of the six molecules. The points are fit using
equation (1) with CSAs of the two spins, a single correlation time and the angle, 6, used
as fitting parameters. Relaxation rates and the difference between multiplet
components increase with field strength revealing the effects of the CSA mechanism
(eq. 2). Both the relaxation rates and the differences between multiplet components
increase for larger molecules (Fig S4). Error bars reflect a combination of both repeated
measurements and fitting errors.

To verify this dependence, the relaxation rates of a range
of synthetic porphyrins (full structures in Fig S1) were
analysed: monomer, P1 (R = t-Bu), linear (I-) dimer I-P2 (R = t-
Bu) and hexamer I-P6 (R = THS), and cyclic (c-) hexamers with
and without a central template c-P6eT6 (R = THS) and c-P6
(with R = THS and R = OCgH;5). The B-pyrrole proton relaxation
rates were measured at four magnetic field strengths whose
'H Larmor frequencies varied from 300 to 950 MHz, yielding
four relaxation rates per field per molecule (Fig 3, S4A). For
each molecule, all data were fitted to equation (1) with the
correlation time, the CSA for spins | and S and the angle
between the dipolar and CSA interactions obtained as
parameters (Fig 3, solid lines, and parameters Fig 4A/D). To
verify that the fitting parameters are reliable, we sought to
validate them against independent measurements. The
experimentally determined correlation time (Fig 4A) was found
to scale with molecular weight (Fig 4B). An independent
measure was obtained from the translational diffusion
coefficient’™? (D7) obtained using a pulsed field gradient NMR
experiment23 and the following:

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 A/B. The fitted correlation times for each molecule scale with molecular
weight. The linear porphyrin hexamer I-P6 tumbles more rapidly than the cyclic
hexamer, as expected. For comparison, the molecular weight of the protein ubiquitin is
indicated. C. Fitted CSAs for | and S spins from the relaxation measurements for each of
the molecules, compared to the DFT calculated values. D. The rotational correlation
time can be estimated using translational diffusion measurements. The two correlation
times are in close agreement confirming I-P6 tumbles like a rod, not a sphere. E.
Ellipsoid representations of calculated shielding tensors from DFT for | (blue) and S
(red) spins in monomer P1. The most deshielded component is perpendicular to the
plane of the porphyrin for both spins. F. Solid-state Bc spectra of P1 at three rotational
frequencies. The distribution of rotational side bands at 3 kHz (blue) enabled a
Herzfeld-Burger analysis (purple) and determination of the B¢ csA.

w297 = Ak3T?1621n22D3 @)

where n is the viscosity of the solution and A is a factor that
accounts for non-spherical
correlation times from

geometries (Section S7). The

relaxation interference and

translational diffusion were in excellent
agreement (Fig 4D). The experimentally derived CSA values
were remarkably constant (Fig 4C), consistent with the

electronic structure of the porphyrin being largely

quantitative
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independent of concatenation. To validate this result, we
calculated the chemical shielding tensor (Fig 4E) using density
functional theory (DFT). Specifically, we performed a GIAO
B3LYP/6-31G(d) calculation on a B3LYP/6-31(d) optimised
structure®* using Gaussian09.” The isotropic chemical shifts
were found to be in excellent agreement with those measured
experimentally, and in a wide range of benchmark small
(Fig 56A).24’26 Moreover, the chemical shift
anisotropy values obtained from calculation also compare
favourably with the values from our relaxation experiment (Fig
4D). Finally, spectral resolution in the e spectrum allowed a
13C CSA measurement directly on P1 using solid-state NMR via
a Herzfeld-Berger analysis27 of the spinning side bands (Fig 4F).
These experimental values were consistent with DFT derived
values (Table S2).

It is interesting to consider why relaxation interference
effects are not observed more widely in solution-state NMR
spectra. Equation 1 predicts that differences in intrinsic
relaxation should lead to observably different linewidths, even
for small molecules®. Measurements on P1, a single
porphyrin, reveal readily distinguishable relaxation rates using
our experiment (Fig S4A), yet the 1D NMR spectra can appear
largely unchanged. The effect is obscured for low molecular
weight complexes as the line width is dominated by magnetic
field heterogeneity in the instrument, not the intrinsic
linewidth of the molecule, revealed by our measurements. As
the molecular weight increases, the line broadening due to
slow tumbling makes the effect more prominent. Conversely,
since the magnitude of the intensity difference is related to
the effective local motional correlation time (Fig S7), any factor
that effectively decreases this value by, for example, increasing
the temperature, lowering solvent viscosity or the enhanced
local internal motion will reduce the appearance of these
effect in NMR spectra. As resonances with a higher CSA will
have a more pronounced difference in intensities in a scalar
coupling pattern, this effect
assignment, as well as for characterisation of supramolecular
assemblies.

These results reveal that relaxation interference between
dipolar and CSA fields can give rise to apparently anomalous
intensities in the scalar coupling patterns of supramolecular

molecules

is potentially of use for

complexes. Our experiment and analysis protocols provide a
straightforward means to both identify the effect, and
rate and the CSA. As chemists
synthesise increasingly complex molecules of ever increasing

measure the tumbling

molecular weight, it will become increasingly helpful to
recognise and exploit these effects in their NMR spectra.
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