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Elucidating structural information of supramolecular host—guest systems is pivotal for understanding
molecular recognition and designing functional materials. This study explores the binding modes of
fluorinated benzylamine guests in cyclodextrin-based paramagnetic cavitands, employing Gd(i)-capped
cyclodextrins (Gd-a-CD and Gd-B-CD, comprising six and seven glucopyranoside units, respectively)
and high-field °F electron-nuclear double resonance (ENDOR). The °F ENDOR spectra revealed
distinct behaviors based on the fluorine position and cyclodextrin cavity size. For para-fluorinated
benzylamine guests, Gd-B-CD displayed a bimodal distribution of Gd—F distances, corresponding to two
distinct binding modes, whereas Gd-o-CD exhibited a single binding mode. In contrast, meta-
fluorinated benzylamines demonstrated a single binding mode for both Gd-o-CD and Gd-B-CD,
underscoring the influence of cavity size and fluorine substitution in the guest on binding specificity.
ENDOR measurements performed at the EPR central transition of Gd(i) are generally expected to yield
Gd-F distances without orientation-specific details. Surprisingly, in Gd-CDs systems, an unexpected
orientation selectivity was observed, enabling the extraction of both Gd-F distances and orientation of
the guest molecule relative to the cavitand's Gd(i) zero-field splitting (ZFS) tensor. This two-faceted
capability of °F-ENDOR allows for determining host—guest complexation geometry and provides
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Introduction

Supramolecular host-guest chemistry involves the interaction
between two or more molecules, where one (the host) provides
a suitable environment to accommodate the other (the guest)
through non-covalent interactions. Determining structural
parameters in host-guest supramolecular systems is para-
mount for advancing the understanding of molecular recogni-
tion, self-assembly, and the design of functional materials.'™
Various techniques, including X-ray crystallography,*® NMR
spectroscopy,”® and computational modeling,”'® have been
employed routinely to probe these structural aspects. However,
challenges remain in obtaining precise structural details,
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insights into ZFS orientation within the cavitand structure.

especially for systems that are flexible, dynamic or do not readily
crystallize. Current methods may struggle with resolving transient
states and weak interactions. These limitations call for developing
new analytical tools that can accurately extract structural informa-
tion and enable additional insights into the behavior of host-guest
systems. Recently, a new approach for studying supramolecular
host-guest exchange kinetics called guest exchange saturation
transfer (GEST) was proposed. It employs the CEST (chemical
exchange saturation transfer) principles along with the attachment
of a paramagnetic lanthanide to the host (para-GEST) for studying
F-labeled guest molecules that exchange between their inner-
cavitand complex states and their free state in the solution.'*™**
Recently, such a system enabled multiplexed information encoding
and multicolor displays of supramolecular systems in MRI without
needing a light source. This was based on cyclodextrins functiona-
lization with different lanthanides and various fluorine-containing
guests, giving different frequency shifts that are translated to
different colors."

The application of para-GEST to investigate host-guest
systems of lanthanide-capped o-cyclodextrin (Ln-o-CD) or Ln-
B-CD hosts**" with fluorobenzylamine (FBA) guests reported
that the guest exists in at least two distinct states when
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(A) Schematic drawing of the host—guest complexes studied and the chemical structures of CD hosts. The dotted lines represent potential

complexation of the Gd(in). (B) Chemical structures of studied guests: 4-FBA, 4-CF3zBA, 3-FBA, and 3,5-diFBA.

accommodated within Ln-B-CD but only one in Ln-a-CD. Never-
theless, the structural basis for the two distinct populations
allowed by the larger cavitand Ln-B-CD, remained unknown.
Here, we present a new application of *F electron-nuclear double
resonance (ENDOR) aimed at the structural elucidation of these
cyclodextrin-based host-guest systems, the chemical structures of
which are shown in Fig. 1. We show that by applying °’F ENDOR
and choosing Gd(m) as the paramagnetic lanthanide to form the
paramagnetic cavitands Gd-o-CD and Gd-B-CD (Fig. 14), it is
possible to obtain the missing structural information.

'9F ENDOR is an emerging effective tool for structural studies of
biomacromolecules. It involves a spin label attached to the mole-
cule of interest, and the distance between this spin label and a "F
nucleus on an amino-acid residue is measured.'® The use of '°F
nuclei offers high sensitivity due to its high gyromagnetic ratio,
approaching that of 'H, and excellent selectivity, as *°F nuclei are
absent in biomolecules, unlike the widely abundant "H nuclei. To
date, a range of potential spin labels for "’F ENDOR distance
determination has been suggested, including nitroxide'®™°
and trityl®®*" spin labels, intrinsic tyrosyl radicals,® as well as
Gd(m)*™* and Cu(u)*® complexes. These spin labels were used
to explore the structural aspects of nucleic acids and proteins.
The performance of various labels was also compared.”” Gd(m)
based spin labels have also been demonstrated to study structural
details of proteins in cells.**

The application of the "’F ENDOR technique is natural for
the present system, as both the paramagnetic ion incorporated
into the host structure and one or more fluorine atoms in the
guest structure are intrinsic and no spin labeling is required.
Therefore, data interpretation is more straightforward, as it

3886 | Phys. Chem. Chem. Phys., 2025, 27, 3885-3896

does not involve factoring in possible structural changes result-
ing from the introduction of the spin label. In addition, this
method allows studying host-guest systems with low binding
constants as it is “blind” to the free guest which can be added in
large excess without interfering with the analysis. For example, a
10 mM background concentration of the non-bound guest, taken
in 50-fold excess to Gd(m), results in the average distance between
Gd(m) and F of approximately 3 nm, which results in negligible
matrix ENDOR signal as compared to the bound guest.

The two techniques, namely, '°’F ENDOR and para-GEST
NMR, should be considered complementary rather than com-
peting. Both measurements are performed in comparable
complex concentrations,” and are sensitive to different bind-
ing modes of the guest. However, ENDOR is performed in the
frozen state and provides additional geometrical information
on the host-guest complexation, whereas para-GEST measure-
ments are performed at ambient temperatures and can be used
to obtain information on the host-guest complexation kinetics.

Gd(m) ion has 7 unpaired electrons with an electron spin
of § = 7/2 and a relatively small zero-field splitting (ZFS).
Accordingly, at a high magnetic field and low temperature
(frozen solutions), its EPR spectrum comprises a relatively
narrow peak, corresponding to the central |—1/2) <« |+1/2)
transition (CT), superimposed on a broad, usually featureless
background corresponding to all other transitions. The CT
yields a narrow spectrum because its width depends on the
ZFS only to second order, i.e. it is proportional to D*/v,, where
D is the ZFS axial component, and v, is the spectrometer
frequency.”® Gd(m) complexes in frozen solutions usually fea-
ture large distributions of the D and E parameters of ZFS, with

This journal is © the Owner Societies 2025
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E/D denoting the deviation from axial symmetry, and the
distribution of the orientations of ZFS tensors within the
individual complexes.>*?° These broad distributions are
expected to eliminate the so-called orientation selection effect,
particularly for the CT. This implies that in pulse EPR experi-
ments, setting the magnetic field anywhere within the CT
would excite all possible orientations of Gd(ur) complexes with
respect to the magnetic field, also for a limited excitation
bandwidth of 30-50 MHz.>*?**?7*! There are some exceptions of
Gd(m) spin labels, which featured a large ZFS with a broad CT,
that exhibited a subtle 'H orientation selection. The spectra were
difficult to analyze due to the many protons present.*” In contrast,
we observed strong orientation selection in the *°F ENDOR of the
studied CD systems. In other words, selective excitation of parti-
cular molecular orientations of the Gd(u) chelates is also possible
for the CT. This, in turn, provides valuable insights into the ZFS
orientation within the molecule - information that has been
challenging to obtain experimentally so far.

We begin our study with meta-substituted benzylamine
guests in both hosts and para-substituted guests in Gd-o-CD,
exhibiting only one population of ?F-Gd(m) distances. Using
these results, we establish the data analysis approach for
orientation selection in Gd(m). Then, we describe para-
substituted guests in Gd-B-CD, which exhibit two populations
of "F-Gd (1) distances. We conclude by determining the posi-
tion and orientation of the fluorinated guests within the two
types of CD cages, as derived from the ENDOR data and the
orientation of the ZFS principal axes system in the host
structure.

Theoretical background

The spin Hamiltonian describing Gd(m) is given by:**

X R 1 . .
Hy = “ilge “By-S,+D- (s} - 5S(S+ 1)) + E(Sx2 — S}?)
(1)

where the first term corresponds to the Zeeman interaction and
the other two describe the zero field splitting (ZFS). D is the
axial component of the ZFS tensor, and E represents its
rhombicity. In the standard convention, the components of
the ZFS tensor are given by:*?

Dy = —D/3+E
Dy= —-D/3—E (2)
Dy =2D/3

Conventionally, the principal components of ZFS principal
components are defined as follows:

IDx| < |Dy| < |Dxl (3)

In the presence of a broad distribution of ZFS parameters,
reordering the assignment of ZFS principal values according to
eqn (5) for each distribution component might lead to different
orientations of ZFS axes in the molecular frame. To avoid this,
in the present work, D and E are assumed to be formal

This journal is © the Owner Societies 2025
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parameters having independent Gaussian distributions. Then,
the ZFS principal components are calculated from D and E using
eqn (2), and even if expression (3) is not fulfilled, no reordering
of the ZFS axes is performed. In eqn (1) the terms corresponding
to the hyperfine interaction are omitted because their contribu-
tion is small, and does not influence the EPR spectrum shape.

The ENDOR resonance frequencies for the allowed NMR
transitions (|Amy;| = 1) are given by:**

Y(Byms) = v — ms-a(p) (4)

where a is the hyperfine coupling and f is the angle between
the magnetic field direction and the vector connecting the
Gd(m) ion and the 'F nucleus. As we deal with long Gd-F
distances in non-conjugated systems, the hyperfine coupling
can be assumed to be purely dipolar according to:

a(B) = (3cos® B — 1)%: (3cos’ B—1)]ar| (5)
where p, is vacuum magnetic permeability, g. and g, are
electron and nuclear g-values, pg and py are Bohr magneton
and nuclear magneton, respectively, & is the Planck constant,
and r is the Gd-F distance.

The geometrical conventions used in the present work are
illustrated in Scheme 1. Here, Gd and F represent the corres-
ponding atoms, the black solid lines correspond to the principal
axes of the ZFS tensor, the red arrow shows the direction of the
external magnetic field, and the green arrow connects the Gd and F
atoms, and represents the radius-vector of the electron-nuclear
dipolar interaction. The Euler angles (¢o, 0, 0) give the orientation
of the magnetic field in the ZFS frame, and so are the angles (y, p, 0)
for the electron-nuclear dipolar interaction (Gd-F) frame. 0, and 7y
are the polar angles and ¢, and p are the azimuthal angles.

Pulse ENDOR measurements are carried out by setting the
magnetic field to a position within the EPR spectrum and

Scheme 1 Definitions of angles used in this work. Dy, Dy and D are the
principal axes of the (molecular) ZFS frame, By is the direction of
the spectrometer’'s magnetic field, and the green arrow is the direction
of Gd—F vector in the molecular frame.
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applying the relevant pulse sequence. The anisotropic line
shape of the EPR spectra determines the range of 0, and ¢,
angles that contribute to the ENDOR spectrum at a particular
magnetic field. The contributing orientations of the Gd-F
vectors with respect to the external magnetic field are given by:

cos f§ = cos p siny cos ¢ sin 0, + sin p siny sin ¢, sin 0,

+ cosy cos 0, (6)

Without orientation selection, all possible 0, and ¢, values
contribute equally, generating the classical ENDOR powder
patterns. The angle  determines the apparent hyperfine split-
ting according to eqn (5), which, in turn, gives the resonant
ENDOR frequencies according to eqn (4). The intensities of the
Mims ENDOR spectra depend on the hyperfine interaction and
the experimentally chosen delay t between the first two pulses
in the pulse sequence (see Experimental details), according to
the well-known expression:**

Fenpor € sin2[n-a(ﬂ)r] )

where Fenpor iS proportional to the ENDOR spectrum intensity.

Materials and methods

Sample preparation

The syntheses of the functionalized cyclodextrin Gd(i) containing
cavitands and their host-guest complexes were carried out as
described previously."” The host-guest complexes were prepared
in D,O - glycerol-dg solution at 50x excess of guest molecules at a
final host concentration of 260 uM. For this, the D,O solutions
containing calculated amounts of the host and the guest were
combined, and the resulting mixture was stirred overnight at
room temperature and then filtered. Glycerol-dg (25-30% v/v) was
added, and the solutions were placed into 0.60 mm I. D. fused
silica capillaries sealed with crytoseal.

Spectroscopic measurements

Pulsed EPR and ENDOR measurements were performed using
two pulsed home-built W-band EPR spectrometers equipped with
cylindrical TE,; cavities and Helmholtz radiofrequency (RF) coils,
as described earlier.*® The first spectrometer (referred to as 1) has
a solenoid superconducting magnet (Cryomagnetics, Inc.), a 3 W
pulsed microwave power amplifier (QPP95013530, Quinstar), and
a pulsed 2 kW RF amplifier (BT02000-GammaS, TOMCO). The
second spectrometer (referred to as 2) has a 0-5 T cryogen-free
magnet with an integrated variable temperature unit and 300 mT
sweep coil (J3678, Cryogenic Ltd),>” and is equipped with a 2 W
pulsed microwave power amplifier (QPP95023330-ZW1, Quinstar)
and a 1 kW RF amplifier (3446 Herley-AMT). Identical sample
tubes were used in both spectrometers.

Echo-detected electron paramagnetic resonance (ED-EPR)
spectra were recorded at 10 K using the Hahn echo (mn/2 —
t — n — 1t — echo) sequence. Mims ENDOR spectra were
recorded at 10-11 K using the sequence n/2 — 7 — w/2 —
T(ngr) — ®/2 — © — echo — [t, — T — 1, — echo], with a four-
step phase cycle and a Carr-Purcell-Meiboom-Gill (CPMG)
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detection train at the end to enhance the signal-to-noise
ratio.*® We used three to five CPMG echoes with 7, = 600 ns
for detection. Each echo was integrated over a 20 ns window,
optimized for the best signal-to-noise ratio. Random sampling
of RF was employed,*® with 5-10 shots acquired per frequency
point in each scan. Microwave power was adjusted to result in a
n pulse of 28-32 ns, using the Rabi nutation sequence, t,,¢ —
bwait — T/2 — T — T — T — echo (¢nue Was varied; ty.i was chosen
such as to let for the decay of the transverse magnetization). RF
power was adjusted to yield the desired ngr pulse length, using
a Rabi nutation sequence n/2 — 7 — /2 — T(tgg) — /2 — T —
echo, with a constant mixing time 7T of 100 ps and varying RF
pulse length, tgr. The RF pulse length was set to be 35-50 ps.
The mixing time T in the Mims ENDOR experiment was set to
be 2-5 ps longer than the RF pulse length.

Simulations of ED EPR and ENDOR spectra

ED-EPR spectral simulations were carried out using a pre-
viously published approach and home-written software based
on the spin Hamiltonian given by eqn (1).>°

The Boltzmann population of the electron spin levels at
T =4.5 K and B, = 3.4 T was taken into account, and the flip angle
correction was implemented to compensate for the different nuta-
tion frequencies of the different electron spin transitions as
described previously.” For the ED-EPR spectral simulations, uncor-
related Gaussian distributions of the ZFS parameters D and E were
assumed, with the probability densities given by

2 2(D — Dy)?
PD) =7 Apr &P AD20 ’
) (8)
2 2E - E)
PE) =\ ag P Aﬂo

where D, and E, are the distribution centers and AD and AE are
distribution widths, and no further reassignment of the ZFS
indices (X, Y, Z) was performed. Simulations were also carried
out under the assumption of Gaussian distributions of D and E/
D. This way of parametrization results in a correlation of the
distributions of D and E. It yielded an equally good description
of the ED-EPR spectra but failed to reproduce the observed
ENDOR spectra in the presence of orientation selection. The
low-temperature and the high-field allows determining the
absolute signs of D and E because of the substantial difference
in electron spin level populations.

The ENDOR spectral simulations were carried out in two
steps. First, the ED-EPR spectrum was simulated using the
above-described approaches, and for each magnetic field at
which ENDOR spectra were recorded, the excitation probability
of each of the orientations (0,,p,) was determined. For the sake
of simplicity, the bandwidth of the ENDOR MW pulses was
assumed to be infinitely small. Then, these probabilities were
used to calculate the powder patterns of ENDOR spectra using
eqn (4)-(7). The ENDOR spectra measured at different fields
were jointly simulated and the fit parameters were: the hyper-
fine splitting constant, |a, |, ENDOR line width parameters,

This journal is © the Owner Societies 2025
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and the angles y and p that define the orientation of Gd-F axis in
the ZFS reference frame (Scheme 1). The ENDOR line shape was
assumed Lorentzian, with the shape of the individual line given by:

ALv0.75

Fu(Av) =
LAY)=— —————————
T AV + (A 0T5)

9)

where Av is the frequency offset, and 4y, is the line width.

The optimal fit values of the varied parameters were found using
the nonlinear least-squares algorithm NL2SOL, and the errors were
estimated from the corresponding correlation matrices.*

Because of the orthorhombic symmetry of the ZFS tensor,
the angles +0,, £¢,, as well as 90° + 0,, 90° £ ¢, cannot be
distinguished, and the same holds for the angles +p, &y and
90° £ p, 90° £ 7. Thus, for consistency, the angles are listed in
the interval from 0 to 90°.

Results
ED EPR spectra

The W-band echo-detected EPR (ED-EPR) spectra of Gd-o-CD
and Gd-B-CD in the absence of a guest and with several
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fluorinated benzylamine derivatives (4-CF3;BA, 4-FBA, 3,5-
diFBA, 3-FBA), are presented in Fig. 2. The spectra are char-
acteristic of Gd(m) at a high magnetic field and Fig. 2A and B
focus on the CT, revealing asymmetric shoulders both for Gd-o-
CD and Gd-B-CD. The spectra of the two cages are generally
similar, with that of Gd-B-CD having a slightly wider CT, as
shown by the comparison between the CT of the two hosts with
3-FBA in Fig. 2C. Interestingly, the spectra of the empty hosts
have the same features as those with the guests, indicating that
this line shape does not originate from host-guest interactions,
but is an inherent property of the ZFS of the capping Gd(ur).
The spectra of 4-CF;BA/Gd-0-CD and 3-FBA/Gd-B-CD were
chosen as representative of Gd(m) in o- and B-CD hosts and
wide magnetic field range ED-EPR spectra, measured at 4.5 K,
are shown in Fig. 2D. The low temperature was chosen to
enhance the contributions of transitions other than the CT.
These were simulated to extract the distributions of D and E,
which are listed in Table 1. The distributions consist of two
components; the first, comprising 25-30% of the population,
is characterized by D and E with relatively broad Gaussian
distributions. As shown previously,"* by reordering the axes
of the ZFS tensor to fulfil eqn (3), this distribution can be

g 1 Gd-B-CD no guest |
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2 ——3-FBA
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(A) and (B) ED-EPR spectra (10 K) of the CT region of (A) Gd-a-CD and (B) Gd-B-CD with various guests as indicated on each panel. (C)

Comparison of the ED-EPR spectra of Gd-o-CD and Gd-B-CD with 3-FBA. (D) Full range spectra of 4-CFsBA/Gd-a-CD (upper panel) and 3-FBA/Gd-pB-
CD (lower panel), measured at 4.5 K. Black lines — experimental spectra, red lines — simulation, colored lines show the contributions of individual electron
spin transitions to the overall spectrum. Simulation parameters are listed in Table 1.
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reformulated in an alternative way that is close to that
described by Raitsimring et al** This broad distribution of
ZFS values is characteristic of widely used MRI agents and
Gd(m) containing spin labels. The centers of both the D and E
distributions are significantly larger for Gd-B-CD. The second
contribution, which corresponds to the majority (70-75%) of
the complexes, is similar for both Gd-o-CD and Gd-B-CD, and
is characterized by a broader distribution of D values and a
relatively narrow distribution of E values. This part of the
ZFS parameters distribution is responsible for the apparent
shoulders in the full-range ED-EPR spectra observed in Fig. 2D.
This contrasts the ED-EPR spectra of Gd(m) with cyclene
chelates, such as DOTA or DO3A, which exhibit featureless
backgrounds.?® This relatively narrow distribution of E can
result from the binding to the CD scaffold, leading to a more
restricted Gd(m) coordination sphere structure.

°F Mims ENDOR measurements

3-FBA,4-FBA,4-CF3BA/Gd-0-CD, 3-FBA, 3,5-diFBA/Gd-f-CD: data
analysis in the presence of orientation selection. The relatively
broad CT (Fig. S1, ESIY) allowed recording ENDOR spectra at
different magnetic fields within the CT as shown for 3-FBA/Gd-
B-CD (Fig. 3A and B) and the spectra reveal clear orientation
selection effects (Fig. 3C). Measurements at positions a and c,
yielded doublets with distinct splittings of 255 kHz and
140 kHz, respectively, and at the position b, a superposition
of the two splittings was observed (Fig. 3C). The approximate
two-fold relation between the splittings observed at different
fields suggests that they correspond to a; (f = 90°) and g
(B = 0°), respectively. Namely, excitation at position a selects
Gd-F vectors parallel to the external magnetic field, B,, whereas
excitation at position ¢ selects mostly Gd-F vectors perpendi-
cular to B,.

The assignment of the two doublets to a; and a, was further
corroborated by the ENDOR spectrum measured outside the CT
at position d. A single distance should give rise to ENDOR peaks

.. 1 3 5 7
at positions VI_E‘GL‘; u1—§|aL|, V1—§|aL|, VI_E‘M"

1 3 5 7
u1+§}a”‘, V1+§|0H’, y1+§|a”| and u1+§‘au‘ (see eqn (4)),

precisely as observed in the experiment (Fig. 4). The fact that
ENDOR peaks corresponding to the parallel and perpendicular
orientations of Gd-F vector for Gd(m) |ms| # 1/2 are situated

Table 1 Gaussian distributions of D and E obtained from simulations of
the ED-EPR spectra of Gd-a-CD and Gd-B-CD

Center, Width, Relative

Distribution D, (Eo), MHz AD (AE), MHz fraction
4-CF;BA/Gd-0-CD
D, 1210 + 70 570 + 100 (32 £ 10)%
E, 675 + 50 590 + 60
D, —1560 + 30 1010 £ 40 (68 + 10)%
E, —460 + 10 0 + 200
3-FBA/Gd-B-CD

D, 1600 £ 100 500 + 100 (24 £ 3)%
E, 930 £ 200 300 £ 30
D, —1550 £ 40 900 + 80 (76 £+ 3)%
E, —522 + 10 0 + 200
3890 | Phys. Chem. Chem. Phys., 2025, 27, 3885-3896
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further away from the Larmor frequency compared to the CT was
previously utilized to enhance the resolution and increase the
distances accessible by Gd-'°F ENDOR distance measurements.>’

The peaks observed in Fig. 4 correspond to mg in the range
of —7/2 to —1/2, (eqn (4)), the signals with positive mg are not
observed because the corresponding electron spin levels are
poorly populated at 8 K.

To account quantitatively for the observed orientation selec-
tion, we carried out spectral simulations. Briefly, we used the
simulations of the ED-EPR spectrum to determine the orienta-
tions 0, and ¢, of the magnetic field B, relative to the molecular
ZFS frame that are preferentially excited by the MW pulses at
each field position (shown as heat plots in Fig. 3D, see
Scheme 1 for angle definitions) and used them to calculate
the ENDOR spectra. The best-fit simulations for positions a-c
are shown in Fig. 3C, and the parameters are given in Table 2.
The determined y and p angles mean that the Gd-F vector
makes an angle of 29° with the Dy axis. To the best of our
knowledge, this is the first time that there was sufficient
experimental data to determine the orientation of the ZFS in
a Gd(m) complex relative to a known structural feature in a
frozen solution. The same approach can be used to simulate
the spectrum recorded off the CT (Fig. 4, brown line); in this
case, all electron spin transitions other than CT were taken into
account, and their relative contributions were determined from
the simulations of the ED-EPR spectra. The simulation agrees
with the experiment, and the set of optimal parameters found is
close to those obtained from the CT spectra (Table 2).

The ENDOR spectra of 3,5-diFBA/Gd-B-CD were very similar
to those of 3-FBA/Gd-B-CD, as illustrated in Fig. S2 (ESIY). As
expected, simulations (Fig. S3, ESIt) yielded parameters very
close to those obtained for 3-FBA as listed in Table 2 and the
differences are within experimental error. Similar fits could be
generated with y  60° and p ~ 17°; however, these angles do
not explain the identical ENDOR spectra of 3-FBA and 3,5-
diFBA (see Discussion). The orientation selection behavior
described above is not exclusive to Gd-f-CD. We observed it
also for 3-FBA/Gd-a-CD (Fig. S4, ESI,t Table 2) and 4-FBA/Gd-o-
CD as illustrated in Fig. 5. Here, because the ZFS is smaller,
some detectable contributions of electron spin transitions
other than the CT are excited (e.g., |—3/2) < |—1/2)), which

leads to the appearance of the additional peaks at v; — §|a 1|

3 . .
and v + E{au‘ in ENDOR spectra recorded at positions a and d,
and the asymmetric enhancement of the peak corresponding to
1 . -, .
v+ E‘a” | in the spectrum recorded at position a (Fig. 5C).

Otherwise, these spectra demonstrate a similar behavior to the
described above. They can be simulated similarly, and the
parameters obtained are listed in Table 2. Here, the Gd-F
vector seems to be even closer to the Dy axis than for the
3-FBA and 3,5-FBA guests and it lies in the Dx-Dy plane.

The orientation selection ENDOR spectra of 4-CF;BA/Gd-a-
CD are shown in (Fig. S5, ESIt). In this case, the spectra are
superimposed on a broad background, which could be
accounted for as an admixture of a small population (~5%)

This journal is © the Owner Societies 2025
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Fig. 3 (A) A schematic illustration of 3-FBA/Gd-B-CD. (B) The central transition region of the corresponding ED-EPR spectrum (10 K), with the positions

at which ENDOR spectra were recorded. (C) Experimental *°F Mims ENDOR spectra recorded at —4 mT (a), 0 mT (b) and +11 mT (c) (black) and their
simulations (in red); dashed vertical lines correspond to the two observed splittings, a, and a|. The angles y and p, determined from the simulation are
indicated above the panel. (D) Heat plots showing the selected orientations 0, ¢ at field positions a, b, and c. An inter-pulse delay t = 1 us was used in the

Mims sequence.
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Fig. 4 The F-ENDOR spectrum of 3-FBA/Gd-B-CD, recorded 8 K and at
field position d (see Fig. 3B). Singularities corresponding to parallel and
perpendicular orientations of the corresponding ms — ms + 1 transitions
are shown with dashed lines. Simulation with parameters given in Table 2
are shown in brown.

with a shorter Gd-F distance (7 A), and all simulation para-
meters are listed in Table 2.

4-FBA,CF3BA/Gd-}-CD,  3,5-diFBA/Gd-a-CD: data analysis
neglecting orientation selection. While the orientation selection
can reveal geometrical details, it requires simulations of the
ED-EPR spectra and joint simulations of a set of ENDOR spectra
with more fitting parameters, as discussed above. When there
are several binding modes of the guest having different Gd-F

This journal is © the Owner Societies 2025

distances or broad Gd-F distance distributions, the experi-
mental spectra may not contain sufficiently resolved features
to determine all the geometrical parameters. In this case,
orientation selection analysis is impractical. Our analysis of
the presented examples above shows that measurements at the
maximum of the CT peak led to the excitation of many different
orientations of By, and the resulting ENDOR spectrum is close
to the powder pattern where all possible orientations of the
Gd-F vector with respect to B, contribute. Therefore, the
spectra recorded at this position can be simulated neglecting
orientation selection effects. This is illustrated in Fig. S6 (ESIT)
for 3-FBA, 3,5-diFBA/Gd-B-CD, where the two approaches of
spectral simulations are compared. In the first one, the field-
dependent ENDOR spectra are jointly simulated with orienta-
tion selection. In the second one, only the spectrum recorded at
the maximum of the CT is simulated, neglecting orientation
selection effects. While the latter produced a somewhat worse
fit, the Gd-F distances obtained were essentially the same,
considering the experimental error. This justifies using a single
ENDOR spectrum recorded at the maximum of the Gd(ur) CT to
extract Gd-F distances. The reliability of this approach can be
further strengthened by recording ENDOR spectra with a set of
different values of the inter-pulse delay, 7, and then simulating
them jointly (Fig. S7, ESIt). The behavior of 3-FBA, 3,5-diFBA/
Gd-o-CD was similar to that of Gd-B-CD as shown in Fig. 64,
presenting '°F doublet splittings of around 0.135 MHz and two
clear shoulders with a splitting of ~0.25 MHz assigned to |a | |
and |a|. Simulations carried out as described above are shown

Phys. Chem. Chem. Phys., 2025, 27, 3885-3896 | 3891
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Table 2 Summary of Gd—F hyperfine couplings and distances for all guests and hosts studied. For each guest, the first row corresponds to simulation of
the field dependent ENDOR spectra with orientation selection, and the second row corresponds to simulation of a single ENDOR spectrum recorded at
the position of the maximum of the CT, neglecting orientation selection. 4, — Lorentzian ENDOR linewidth used for the simulation

|a, |, kHz r, A Ay, kHz 7, p, deg la, |, kHz r, A Ay, kHz 7, p, deg.
Guest Gd-0-CD Gd-0-CD Gd-0-CD  Gd-a-CD Gd-p-CD Gd-p-CD Gd-p-CD  Gd-B-CD
4-FBA 102° 9 0 14 90 + 8,18 + 3
107l’ (95%) (95%) 27 118 (75%)  8.6° (75%) 21
5737 (5%) 1% (5%) 36 575 (25%)  5.1° (25%) 87
4-CF; FBA 85" (95%) 9 6 (95%) 19 68 & 16, 24 + 10
210 (5%) 7 1” (5%) 74 Isotropic?
122% (97%) ( 7%) 41 93” (80%) 3(80%) 29
3747 (3%) 8% (3%) 27 374" (20%) 8 (20%) 64
3-FBA 138° 8 1 15 734+6,23+4 155° 7.8 21 73+524+3
146° 8.0 40 74+4,42+5
147° 8.0 34 160” 7.8 27
3,5-diFBA 157° 7.8 28 75+5,26+3
148° 8.0 23 160” 7.8 32
140° 8.1 21

¢ Obtained from simulations of field-dependent ENDOR spectra with the explicit account of orientation selection.

Obtained from simulation of a

single ENDOR spectrum recorded at the posmon of the maximum of the CT. ¢ Obtained from simulation of an ENDOR spectrum recorded at the

field position off CT (position d in Fig. 3B). ¢

No orientation selection is assumed for short-distance admixture. °

Obtained from simulation of a

series of ENDOR spectra recorded at the position of the maximum of the CT at various values of inter-pulse delay t (see Fig. S7, ESI).

C y=90°andp=18°

Magnetic field, mT

Fig. 5
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(A) A schematic illustration of 4-FBA/Gd-a-CD. (B) The central transition region of the ED-EPR spectrum (10 K), with the positions at which

ENDOR spectra were recorded. (C) Experimental °F Mims ENDOR spectra recorded at —4 mT (a), 0 mT (b), +7 mT (c) and +11 mT (d) (black) and their
simulations (in red). Asterisks indicate contributions in the ENDOR spectra from the excitation of non-CT electron spin manifolds. (D) Heat plots showing
the selected orientations 0o, ¢o at a—d. The inter-pulse delay t = 2 pus was used in the Mims sequence.

in Fig. S8 (ESIf), and the best-fit parameters are given in
Table 2. Notably, the line widths obtained from simulation
neglecting orientation selection are systematically larger than
those obtained with orientation selection. In the former case,
the larger line width compensates for inaccuracies from
neglecting orientation selection.

The spectra of 4-FBA in both hosts (Fig. 6B, top) recorded at
the peak of the CT feature a doublet with a splitting of 0.11-
0.12 MHz. An additional doublet with broader lines and a
splitting of ~0.6 MHz appears for Gd-B-CD only, confirming
the presence of two 4-FBA/Gd-B-CD populations,*® with Gd-F

3892 | Phys. Chem. Chem. Phys., 2025, 27, 3885-3896

distances of 8.5-8.8 A and 5.1 A derived from the '°F doublet
splitting. We observed the same behavior for 4-CF;BA, where a
doublet with a splitting of 0.12 MHz appeared for both Gd-a-CD
and Gd-B-CD, with an additional doublet for Gd-B-CD with a
0.36 MHz splitting (Fig. 6B, bottom), corresponding to dis-
tances of 9.3 A and 5.8 A respectively. Simulation of
these spectra was carried out neglecting orientation selection
(Fig. S9, ESIY), yielding a population of 20-25% for the short
distance. The relative intensity of this doublet in the
spectrum seems much larger, and this is a manifestation of
the dramatic growth of the Mims ENDOR efficiency with 1/r°.>*

This journal is © the Owner Societies 2025
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Fig. 6 '°F Mims ENDOR spectra of Gd-a-CD (black) and Gd-B-CD (red)
with (A) 3-FBA (top) and 3,5-diFBA (bottom) and (B) 4-FBA (top) and 4CFs-
BA (bottom). The inter-pulse delay t = 1 us was used in the Mims sequence.
a, and aj in panel (A) reflect the perpendicular and parallel singularities of
the powder pattern, and a; ; and a,, ; in panel (B) correspond to splittings
due to different electron-nuclear distances.

For 4-CF;BA,4-FBA/Gd-0-CD, the broad background at the
wings of the ENDOR spectra revealed the presence of 3-5%
complexes with short Gd-F distances. To increase the stability
of fit in the presence of such a minor contribution of shorter
distance, the short distance was assumed to be the same for the
o- and B-host. The line widths obtained for the minor short-
distance components of the spectra are notably larger than
those for the longer-distance components. A plausible reason
for this is that in this range of electron-nuclear distances, even
the slightest variations of distance due to conformational free-
dom of the guest result in a significant change of the hyperfine
splitting, proportional to 1/r°.

Discussion

We summarize the experimental observations as follows (see
Table 2): (i) The guests 3-FBA and 3,5-diFBA exhibited the same
spectral behavior in both hosts, revealing the same single
binding mode. Furthermore, the Gd(m)-F distances for °F in
positions 3 and 5 are the same, implying their symmetry about
the axis that connects the Gd(m) and the para position in the
benzyl ring, such that a rotation or a 180° flip about the C;-C;
axis (see Fig. 7) does not alter the ENDOR spectra. (ii) The
behavior of 4-FBA and 4-CF3;BA clearly differs between Gd-o-CD
and Gd-B-CD. In both cases, two populations are observed, a
major one consistent with Gd(m)-F distances of the other two
guests and a minor one with a shorter distance that indicates a
very different position in the host. While for Gd-B-CD, this
population is significant, 20-25%, for Gd-o-CD, it is only 3-5%.

The position of the guest in the host

Analysis of the Gd-"°F distances derived from the ENDOR
measurements allowed us to position the guest within the host.

This journal is © the Owner Societies 2025
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Fig. 7 (A) Gd(n) coordination scheme with 3- and 4-FBA in the host—guest
complex. The blue arrows designate the ZFS principal axes, and the dashed lines
outline the plane of the guest's phenyl ring. Angles p, 7, corresponding to the 4-
FBA guest, are added for illustration. (B) A structure of 4-FBA/Gd-u-CD that is
consistent with geometrical findings inferred from °F ENDOR measurements.
Carbon atoms are shown in dark-gray on the CD backbone of the host, in green
on the DTPA bridge of the host, and cyan on the structure of the guest. The gray
plane corresponds to the plane where the Dy and D axes of Gdl(i) ZFS tensor are
situated. Two panels correspond to two mutually orthogonal viewpoints. PyMOL
software (https://www.pymol.org/) was used for preparing the figure.

It revealed that the amine group is close to Gd(m) as shown in
Fig. 3A and 5A, and as suggested earlier based on NMR data."’
In Fig. 7A we show the structure of the guest molecule with two
F atoms in 3- (m, meta) or 4- (p, para) position, including the
Gd(m) ion position. Placing the Gd(m) ion on the C,-C, axis
with a Gd-N distance of 2.7 A*? results in a Gd-F distances of
1(Gd-p-F) = 9.1 A, (Gd-m-F) = 8.2 A and a p-F-Gd-m-F angle of
17°. This gives a remarkable agreement with the experimental
values of 9.0 A, 8.0 A and 18°, respectively. For 4-CF;BA this
structure gives r{Gd-F) = 9.9 A, which, again, agrees well with
the experimental distance of 9.6 A. The picture outlined above
is summarized in the assembly structure shown in Fig. 7B.
Here, we used the previously published DFT-calculated model
of Dy-0-CD'® as an analog for Gd-o-CD. We place the 4-FBA
guest based on the experimental parameters for the Gd-guest
geometry, as discussed and shown in Fig. 7A.

Interestingly, for all studied guests, the distances of the
major populations tend to be slightly shorter for the 7-member
ring (Gd-B-CD), indicating a somewhat shorter Gd(um)-N dis-
tance, implying that the guest is located deeper in the host
cavity, afforded by the wider cavity. Provided that the inter-
action between the lanthanide and the nitrogen-centered
ligands is predominantly electrostatic,** this indicates a stron-
ger Gd-N complexation in the case of Gd-p-CD.

Next, we address the minor population observed for 4-FBA,
4-CF;BA/Gd-B-CD, which features a short distance of ~5-6 A.
According to the literature data on CD structures and DFT
calculations of the empty complexes under study,” the dia-
meter of B-CD is 6.0-6.5 A, that of a-CD is 4.7-5.3 A,** and the
cavity height of the functionalized CD is ~5 A. The length of
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4-CF;BA, the longest guest, is ~8 A; therefore, a highly tilted
orientation of the guest with a Gd(m)-F distance of ~5 A seems
plausible for B-CD but not for o-CD. Such a tilted guest
arrangement is consistent with a longer Gd-F distance of the
minor population for 4-CF;BA than that for 4-FBA.

A remaining question is why the tilted orientation is not
observed for 3-FBA and 3,5-diFBA/Gd-B-CD, which should be
possible based on space considerations. Here, we speculate that
hydrogen bonding and electrostatic interaction between the
fluorine and the host stabilize the structure given in Fig. 7. In
addition, the thermodynamics of guest-host complexation also
includes excluding water molecules from the host cavity, which
is associated with the increase of enthalpy and decrease in
entropy of the whole system.*® A combination of these factors
may underlie the experimentally observed bimodal complexa-
tion of para-substituted guests, instead of a single-mode com-
plexation of the meta-substituted ones.

The ZFS orientation in the complex

The angles obtained from '°F ENDOR simulations indicate that
the C;-C4—Gd axis lies in the Dx-Dy plane of the ZFS, making an
angle p of ~18-29° with the Dy axis. The plane of the guest’s
phenyl ring (outlined by dashed lines in Fig. 7A) is perpendi-
cular to the Dx-Dy plane of the ZFS and comprises the D axis.
Such a geometry is based on the fact that the '’F ENDOR
spectra for 3-FBA and 3,5-diFBA guests are the same.

Aligning the Dy axis along the line connecting the Gd atom
in the host with the nitrogen atom in the guest leaves the
remaining ZFS axes, Dy and D, within the gray plane shown in
Fig. 7B. Several oxygen atoms in the first coordination sphere of
the Gd(m) ion are located in the vicinity of this plane and are
likely to determine the ligand field geometry. In other words,
the orientation of the Dy-D, plane is determined by the ligand
atoms in the CD cage structure and positions the direction of
the Dy axis close to Gd(m)-N bond. Interestingly, the ED-EPR
lineshape in the absence and in the presence of the guest are the
same. This indicates that the coordination of the guest does not
affect the ZFS within the available resolution although the Gd(u)
coordination sphere is somewhat different (Fig. 2A and B). In the
absence of guest, the Gd(m) is presumably coordinated to a D,O
molecule inside the CD cavity. In addition, the shapes of EPR
spectra of Gd-B-CD are closely similar for all studied guests.
Therefore, it is unlikely that the various complexation modes
observed only for para-substituted guests modify the ZFS.

Thus, the ENDOR data converge to form a coherent picture
of the Gd(ur) ion coordination with the guest molecules in the
CD cavity with the assignment of ZFS principal axes orientation
with respect to the guest molecule. The pronounced orientation
selection observed for the CT is probably due to the
broader spectrum of the CT (large ZFS) and the smaller ZFS
distributions owing to a better defined orientation of ligands
surrounding the Gd ion. We previously observed an appreciable
orientation selectivity in the ENDOR spectra of Gd(m) spin
labels while performing the measurements at the electron spin
transition (|—7/2) < |—5/2)), while no such effect was observed
in this case at the narrow CT.>
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Importantly, the orientation-selective "’F ENDOR data may
be used to determine experimentally the position of the Gd(u)
ZFS principal axes in the molecular system, which so far has
been only addressed theoretically,®® and provide the experi-
mental basis to verify theoretical predictions. If, in turn, the
geometry of the ZFS axes in Gd(m) complexes can be reliably
quantified theoretically, this information may be used to derive
the orientation of Gd-F vector in biomolecules and materials of
interest.

Conclusions

In this work, we implemented '’F ENDOR methodology to
study supramolecular host-guest complexes, characterized by
non-covalent interactions. This approach allowed us to quanti-
tively determine the location of the guest in the cavity of
metallo-cyclodextrins hosts and resolve bimodal complexation
behavior for para-substituted guests in Gd-B-CD with a quanti-
tative estimation of the associated relative populations.

The unexpected observation of orientation selection beha-
vior for the ENDOR spectra recorded at the central transition of
Gd(m) and quantitative joint simulation of EPR and ENDOR
spectra of these complexes provided valuable information
about the complexation geometry. Moreover, the approaches
developed here secure a more quantitative understanding of
the orientation of the ZFS tensor in Gd(u) chelates and thus
provide a handle to fully access the information contained in
Gd(m)-"F ENDOR spectra. Such information can also be
obtained from low-temperature measurements outside the
CT, but at the expense of SNR.

This work advances the applicability of magnetic resonance
for structural characterization of bound states in systems
undergoing chemical exchange between bound and free states
with low binding constants in solution.
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