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A useful procedure for the preparation of chemically synthesized
and cross-linked polydimethylsiloxane (PDMS) gels is presented,
which does not require B-irradiation for cross-linking. NMR spectra
of high quality are obtained, such that even mixtures of compounds
exhibiting similar NMR spectra like interconverting stereoisomers
can be investigated in the residual dipolar coupling (RDC) approach
of organic structure determination.

The determination of conformation and configuration of organic
compounds usually involves the measurement of %] couplings®
and the nuclear Overhauser effect (NOE).> Residual dipolar
couplings (RDCs) become increasingly important in the structure
elucidation process due to their complementary information
content.®> While *J couplings and NOEs can be measured in
isotropic solution, the compound in question needs to be
oriented with respect to the magnetic field to get access to RDCs.
Anisotropy in the orientation of the compound is induced via
suitable alighment media, which should be compatible with
organic solvents and solutes, should be homogeneous and
ideally also scalable. For organic compounds there are two main
classes of alignment media: namely lyotropic liquid crystals and
anisotropically swollen cross-linked polymer gels.” The former
have the advantage of a quick sample preparation; scalability,
however, is limited.*® For the latter it is known that a scaling of
the order induced in the compound can be performed either via
different cross-linking degrees (before sample preparation)® or
even on the readily prepared gel using a gel-stretching device.””®
Swelling of gels in the NMR sample tube can be a time-consuming
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process, though. A series of cross-linked polymer gels already exist.
Apart from poly(methyl methacrylate) (PMMA) gels, from which
initiators and cross-linkers can be removed via reversible compres-
sion and release,® and thermally cross-linked polystyrene’, polymer
gels normally contain some impurities due to their fabrication
process (residual monomer, radical initiator, cross-linker). These
can lead to solute incompatibilities or residual signals in the NMR
spectrum. In this respect PDMS gels stand out as they have so far
been made by irradiation with B-rays.'® Furthermore, the residual
signal of PDMS appears in a region in the spectrum (around 0 ppm
in 'H, °C and ?°Si) where it does not overlap with signals of
commonly studied compounds.

In this communication, we present a procedure for the prepara-
tion of PDMS sticks requiring neither B-irradiation nor radical
initiators during polymerisation and/or cross-linking. It is shown
that the gels obtained are suitable as alignment medium even for
sensitive compounds. High-quality NMR spectra are obtained, which
allow investigating mixtures of compounds exhibiting similar
NMR spectra such as stereoisomers.

The beauty of the synthetic procedure (see Scheme 1) lies in the
use of one single starting material octamethylcyclotetrasiloxane
(D,) for polymer, initiator and cross-linker.""

Thus no non-silicone cross-linkers are used alleviating pro-
blems of unwanted rearrangements as well as parasitic signals
of compounds related to the manufacturing process of the
gel. The PDMS gel with living anionic ends would allow for
exploitation of self-healing properties,* which can in principle
be used for direct preparation of the gel inside the NMR sample
tube. This has not been exploited here, though.

An annealing step at 150 °C is used to ‘“‘decatalyse” the living
polymer (removal of NMe;),'"'* making the polymer gel stable
and thus suitable for its use as alignment medium. While
dibenzoyl peroxide (Bz,0,) is used in the preparation of the
cross-linking agent bis(heptamethylcyclotetrasiloxanyl}-ethane (bis-D,),
this can be removed by various purification steps (see ESIt)
before the actual gel is produced. We envisaged that using this
living anionic polymerisation would allow for the preparation
of a homogeneous and contamination-free alighment medium
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Scheme 1 Synthetic procedure for the preparation of PDMS gels: starting
from octamethylcyclotetrasiloxane (D4), the cross-linking agent
bis(heptamethylcyclotetrasiloxanyl)-ethane (bis-D,4) as well as the initiator
bis(tetramethylammonium)oligodimethylsiloxanediolate are prepared.

with improved spatial regularity ensured by the essentially
equilibrative character of the polymerisation process.

For the preparation of the gels an array of molds easily prepared
from commercially available PFTE tubing (3 or 3.2 mm inner
diameter) was filled with degassed polymerising mixture of varying
cross-linker content and subjected to polymerisation at 90 °C (see
ESIT) over 5 h to afford the PDMS-sticks of an appropriate quality
after thermal decatalysingq (see Scheme 1). The sticks obtained
via this procedure were introduced into NMR tubes and swollen
in CDCl;. Quadrupolar deuterium splitting Avg of CDC; is taken
as indicator of anisotropy.

The swelling process of the gel sample over time and the
assessment of its homogeneity can conveniently be performed by
’H imaging'*, a technique that allows for obtaining *H spectra as
a function of z-position (see Fig. 1).

As solvent is added to the top and to the bottom of the NMR
tube in the sample preparation process (see ESIt), these regions
display the largest quadrupolar splittings in the beginning
(see Fig. 1a and d) indicating the largest degrees of swelling.
Within one week (see Fig. 1c and f) samples reach sufficient axial
homogeneity for RDC investigations. Only a slight increase of
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Fig. 1 2H NMR images of PDMS gels at 300 K after swelling in CDCls
(5 mm OD NMR tubes) over 18 h (a and d), 4 days (b and e) and 8 days
(c and f). Gels contained 0.5 mol% of bis-D4 (top row: a—c) and 1.3 mol%
of bis-Dg4.(bottom row: d—f).
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Table 1 Initial and final parameters of PDMS sticks swollen in CDCls inside
an NMR tube at 300 K. bis-D4 denotes the content of cross-linker; Lo,
D are the length and diameter of the unswollen polymer stick, Leq and Deq
the length and diameter of the equilibrated polymer gel

bis-D,/mol% Lo/mm Leg/mm Do/mm Deg/mm Avg/Hz
0.5 14 52 3.0 4.09 6.8
1.0 14 41 3.0 4.09 22.7
1.3¢4 14 35 3.0 4.09 23.2
1.5 14 35 3.2 4.20 47.6
2.0 14 35 3.2 4.20 42.8

“ 1.35 mol%o of initiator used; this could be responsible for the small Avq,.

Avg (<5% per day) is observed afterwards indicating an asymp-
totical behaviour of swelling near the saturation point. The fully
equilibrated gels exhibit Avg in a range between 7 and 48 Hz as it
is shown in Table 1. As can be seen from the values in Table 1
and is known for other gels®'® the degree of swelling can be
influenced by the choice of the diameters of the mold, the inner
diameter of the NMR tube (entries 1-3 vs. 4 and 5) and the cross-
linker density. Here, beyond 2 mol% of cross-linker no increase
in splitting is observed anymore.

While we did not do the detailed investigation here, it is to
be expected that the different quadrupolar splittings of the
solvent translate into different degrees of orientation and thus
into different sizes of RDCs for the solutes to be investigated.

A clear advantage of our gel preparation protocol is that the
parameters required for the characterization of the physical
state of the gels are well known, allowing for the modeling of
Avg, the measured quadrupolar splitting of the gel solvent.
As further discussed in the theory section of ESI one has
Avg = AygsqSS, where S is the order parameter for monomer
orientations, ¢ is the chain monomer volume fraction and
AZ/OQ =168 kHz'® is the quadrupolar splitting of perfectly aligned
CDCI; molecules. The efficiency factor ¢ accounts for the transfer
of orientation between the partially oriented chain monomers and
the solvent molecules during a solvent-monomer encounter; it is
an intrinsic property of each given solvent-monomer pair. The
careful measurement of gel and tube dimensions at all stages
of our experiments and the knowledge of the cross-linking
molar ratios allows computing ¢ and S from standard polymer-
gel theory. We found (see ESIT) good agreement between theory
and experiments and determine the efficiency for this particular
gel-solvent pair ¢ = 6.5 + 0.5 x 10, roughly at one part per 150.
This in turn provides for the quantitative prediction of Av, values
for any tube stretching experiments performed for the polymer/
solvent pair PDMS/CDCI;. Predictions for other polymer solvent
systems would simply require performing similar sets of experi-
ments to extract the corresponding orientation efficiency fac-
tors ¢. We believe that this will allow for the tailor-made
synthesis of PDMS-sticks in the future.

To highlight the suitability of the synthesized PDMS gel for
the acquisition of high quality RDC data sets we have chosen
the ubiquitous natural sesquiterpene B-(—)-caryophyllene
(BCP). It is deemed a challenging object for structure elucida-
tion due to its known complex conformational composition
exhibiting more than one signal set (Fig. 2)."”

This journal is © The Royal Society of Chemistry 2017



ChemComm

t%

oo

Dcalc

Q-factor

025

0.20 -

Communication

Fig. 2

(a)

B-(—)- Caryophyllene conformers

(descriptors convention:

o — “down”, B —

“up”, first: methylene group, second: alkenyl-CH3) and

(b) their cumulative 3D representation (aa — green, aff — red, Ba — blue
and PP — black). Putative conformer of is not present in the mixture as it is
energetically disfavoured.’”
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Fig. 3 Section of the CLIP-HSQC spectrum®® of B-(—)-caryophyllene
recorded in a chemically synthesized PDMS gel equilibrated in CDClz. The
high quality of the spectrum allows for the precise extraction of Dc_. Note
that two signal sets of different proportion are visible. The quality of the
acquired data is very high; even the fine structure of the multiplets is visible.

The composition of the solution equilibrium of conformations
has been determined NMR-spectroscopically at low temperature
(120 K) previously,'” but no assignment of diastereotopic protons
has been published so far. Thus BCP is the ideal candidate to
demonstrate the suitability of chemically synthesized PDMS gel
for the analysis of complex mixtures.

For the RDC measurements we thus equilibrated a PDMS gel
with 1.3 mol% cross-linker density in a BCP/CDCl; (5 pL mL™")
solution. The spectra were of excellent quality (see Fig. 3).

As can be seen in Fig. 3, two signal sets - one of higher and
one of lower intensity — are obtained. At low temperatures the
minor signal set corresponds to the Bp-conformer, whereas the
remaining signal set was assigned to interconverting oo- and
Bo-conformers.*’

Accordingly, two sets of RDCs were obtained for the
two signal sets; values varied between —1 and +4 Hz at 279 K
(using the J + 2D convention for T) (see ESIT). Thus we fitted the
RDCs belonging to the signal set of lower intensity to the DFT
calculated geometry of the BB-conformer using our in-house
developed software RDC@hotfcht.'®*° As can be seen in Fig. 4a
an excellent fit of RDCs of the minor signal set to the coordi-
nates of the Bp-conformer was obtained. Fitting of these data to
the (DFT derived) coordinates of the ao- or PBo-conformers

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Correlation plot of 15 RDCs measured for the minor signal set to
the coordinates of the Bf-conformer of BCP (Q = 0.074); (b) population
scan (1% steps) for the 17 RDCs of the major signal set to the coordinates of
the aa- and Ba-conformers. The population with the best agreement with
experimental data is P, = 0.61 (Q = 0.141).

yielded a significantly poorer agreement (as indicated by a
larger Q-factor) (see ESIt) confirming the assignment of the
minor signal set to the Bp-conformer.

For the major signal set 17 RDCs were obtained. As it is
expected that this signal set does not belong to a single
conformer, but is due to interconverting conformers, flexibility
needs to be taken into account in the fitting procedure.?®
Fitting the RDCs in a multi-conformer single-tensor analysis
to the coordinates of the aa- and Pfa-conformer (1% step size in
the population scan) leads to an excellent agreement with
experimental data at oo: o = 61:39 (see Fig. 4b). Thus this
composition is assumed to be the one present in solution (in
the anisotropic sample at 279 K). This outcome turns out to be
in excellent agreement with the previously published results of
both - an experimental (63% of o« at 120 K)'” and a computa-
tional study (67.8% of a)>'. Additionally, we provide the so far
missing diastereotopic assignment of all protons (see ESIT).

In terms of its practical application as alighment medium it
is important to note that PDMS is not limited to CDCIl; as
solvent, but also swells in THF'*** and even at lower tempera-
tures (253 K was chosen here). As might be expected, swelling
time is increased with decreasing temperature (see ESIT).

The applicability at lower temperatures greatly extends the
scope towards covering air- and heat-sensitive (non-basic, see
below) organometallic compounds. We have used this feature in
the investigation of structure and dynamics of n'-coordinated
Pd-intermediates.”” As can be seen in Fig. 5 the spectral quality
is excellent despite the two species A and B being present
simultaneously.

Thus chemically synthesized PDMS is a versatile alignment
medium, which owing to the excellent spectral quality
allows for investigating mixtures of rather similar compounds.
An application to the structural analysis of a peptide will be
presented separately.>

It is worth mentioning here that in terms of solute and
solvent compatibility the inherent sensitivity of PDMS towards
Bronsted bases needs to be taken into account.>* Contrary to
our expectation neither the Pd-complexes described above nor
the trimethylamine liberated in the decatalysing step cause any
problems in anhydrous solvents. In a wet solvent, however, slow
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Fig. 5 CLIP-HSQC spectrum'® of diastereomeric Pd-complexes A and
B2 in chemically cross-linked PDMS (1.25 mol% cross-linker density)
swollen in THF-dg (swelling performed at 253 K, measurement performed

™

at 293 K). The phosphoramidite ligand indicated is MonoPhos™.

decomposition of the PDMS-gel may happen. Slow decomposi-
tion was also observed in the case of an attempted RDC
measurements of (+)-isopinocampheol (IPC) in chloroform (see
ESIt). Interestingly, the same tendency for decomposition in the
presence of (+)-IPC has been also displayed by a sample of PDMS
produced by B-irradiation (gift from the Luy group). Thus this
incompatibility is not a result from the synthetic procedure.

On a positive side, this feature can readily be exploited to
develop a facile procedure for the removal of used PDMS from
the NMR tubes. It was found that the simple addition of THF
slightly basified with a few drops of methanolic NaOH completely
liquefies the gel. This allows for the easy recovery of the expensive
“Young’s” NMR-tubes, which are a prerequisite for NMR measure-
ments of highly air- and moisture sensitive compounds.

In this communication, we have presented a valuable
procedure for the chemical synthesis of PDMS gels for the
use as alighment medium in NMR-spectroscopy. The high
regularity obtained by the synthetic procedure enables the
acquisition of spectra of excellent quality, such that even
mixtures of compounds exhibiting similar NMR spectra can
be investigated. This is exemplified here for the sesquiterpene
B-(-)-caryophyllene (BCP) and for a mixture of n'-coordinated
Pd-intermediates. The known incompatibility of PDMS with
Bronsted bases is exploited for introducing a cleaning proce-
dure for expensive NMR tubes.

Furthermore, the known cross-linker content and careful
monitoring of the swelling geometry allowed for the successful
comparison between polymer gel theory and experiments,
providing the calibration of the orientation efficiency factor
for the PDMS/CDCI; pair, which will enable the preparation of
PDMS gel sticks with predefined orientational order.

The authors thank Burkhard Luy for providing PDMS sticks
obtained by B-irradiation and for helpful discussions concerning
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Materials and Methods

General. All reagents were used as received from commercial suppliers unless
otherwise stated. Reaction progress was monitored by thin layer chromatography (TLC)
performed on Macherey Nagel aluminum plates coated with silica gel containing green
fluorescence indicator for short wave UV (254nm). Visualization was achieved by UV
light (254 nm), saturated aqueous potassium permanganate or 5% ethanolic solution of
phosphomolybdic acid and subsequent heating.

NMR experiments. All NMR experiments were obtained on Bruker DRX-400, Avance-III
HD-400 and Avance-III-600 spectrometers. Chemical shifts (8) are referenced from TMS
(0 ppm in 1H, 13C and 29Si NMR) or residual CDCl3 signal (7.27 ppm in 1H NMR and 77.3
in 13C NMR spectra). Assignment of NMR spectra of (+)-isopinocampheol and B-(-)-
cariophyllene was performed using standard 1D- and 2D-NMR techniques (including
H2BC)[. Diastereotopic protons of 3-(-)-cariophyllene were assigned using 3]J-couplings
analysis obtained from DQF-COSY experiment. The PDMS was analyzed using 1D and 2D
29Si NMR (1D-inept, 1D-ig, 1H-29Si HMBC). Decomposition of PDMS in the presence of
(+)-isopinocampheol was investigated by 1H DOSY experiment (stimulated echo with
bipolar gradients, Bruker pulse sequence library stebpgp1s)[?] performed on Avance-III
HD-400 NMR spectrometer equipped with either 5 mm inverse probe with Z-gradient or
5 mm microimaging probe equipped with Diff30L Z-gradient with lock channel and 60 A
GREAT amplifier. The RDC data (Dc.n) were extracted from CLIP-HSQC,B! scaled Fi-
coupled BIRD-HSQC* and scaled Fi-coupled BIRD-HSQC spectra with MQ-evolution!s! .
These were recorded for isotropic and anisotropic samples and RDCs are calculated
according to the formula:

1D y=(1Tc.yaniso-1]c yiso) /2

For the methyl groups the Dcc rather than Dcu was used for the spatial structure
elucidation. The following equation was applied [6l:

1Dcc=1Dcn3(-3yc/yu)(r3cu/r3cc)
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Preparation of PDMS-sticks.

1. Cross-linker (Bis-D4).

2.5 wt.% (PhCOO),
neat, 120 °C ! °\S R

To moderately stirred neat octamethyltetrasiloxane [D4 (17.3 g)] at 120 °C freshly re-
crystallized (ethanol-water) dry benzoyl peroxide (450 mg) was gradually added
(CAUTION! avoid an addition of big chunks/portions; in total it may take about 1 h; the
smoother the addition is, the higher is the yield). After completion, the reaction mixture
was heated for an additional 30 min, cooled to room temperature and passed through a
plug of activated alumina (2.5x3 cm) and washed with petrol ether. After removing of
solvents under reduced pressure, D4 was recovered by distillation in a vacuum of water-
jet pump (b.p. 62-64°C/~10 Torr). The residue was purified by multiple Kugelrohr
distillations collecting a middle fraction boiling between 100-120 °C/0.01 mbar until
the product is free of aromatic contaminations and crystallizes as colorless needles (m.p.
55 °C). Yield: 353 mg. 'TH NMR (600 MHz, CDCl3, 300 K) 6 = 0.47 (s, 2 H, CH), 0.1-0.08
(m, 18 H, 6 CH3), 0.08 (s, 3 H, CH3) ppm. 13C NMR (150 MHz, CDCl3, 300 K) § = 8.2 (2
CHz), 0.8 (6 CH3), -1.6 (CH3) ppm. 2°Si NMR (119.3MHz, CDCl3, 300 K) 6 =-19.15, -19.24,
-19.37 ppm.

2. Polymerization Catalyst.

o 1) Me4NOH, benzene N/ \/
Si Dean-Stark + - Sil__Si| _+
o O NMe,

2) 25 °C/0.002 mbar, 8h

\

S

/
i<

S
Si
O.c:-
A mixture of 3.3 mL (11 mmol, 1.1 equivalents) of Ds and tetramethylamonium
hydroxide pentahydrate (1.8 g, 10 mmol) was refluxed in benzene (60 mL) with Dean-
Stark trap until the water doesn't separated any more (typically overnight). At this point,
the solution should be completely homogeneous. Then, the majority of benzene was
distilled off at atmospheric pressure and the rest of volatile material was removed in
high vacuum to result in a colorless waxy semisolid. It was transferred in a glove-box
and used there without additional purification. The puritiy is estimated to be ~75%
from its crude 'H NMR spectra.
1H NMR (400 MHz, CDCl3, 300 K) 6 = 2.79 (s, 24 H, 2 NMey4), 0.44 (s, 12 H, 4 CH3), 0.36 (s,
24 H, 8 CH3) ppm.
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3. Polymerization.

\/ \/ \/
Ny O o%q
S5 ¢ s o sTOS sl —

0-5;-0 0O-g;-0 0-5;-0

/\ /\ /\

[\ 0.5-2.0 mol%

0.12 mol% MeqN 6(/Si‘0>18i’5 e, 150°C, 3 h
> PDMS&("a‘Iive")m> PDMS gecatalyzed)

90°C,5h

A 5-mL round-bottom flask was weighed in a glove-box and a little crumble of the
polymerisation catalyst (see above) was stuck to the internal surface of the flask with
spatula tip. A PTFE-coated stirring bar followed, the flask was closed with a septum and
removed from the glove-box. 4 wt%-stock solution (4 wt%=2mol %) of bis-D4 in D4 was
diluted with D4 to reach the required cross-linker concentration (see above 0.5-2 mol%)
and added by stirring to the polymerisation catalyst in such amount to adjust the
catalysts concentration exactly to 0.12 mol %. After complete homogenization (about 30
min; don't wait any longer if you see it's dissolved, otherwise it might become too
viscous for subsequent sampling with the syringe), the polymerizing mixture was
withdrawn with syringe and evenly distributed within the array of semi-closed pieces of
PTFE tube (ID 3 or 3.2 mm, I~25-30 mm) packed in the Schlenk tube under argon. The
Schlenk was carefully (CAUTION! DO IT SLOWLY!) evacuated, purged with argon and
placed in an oven pre-heated to 90 °C. To equalize the pressure in the reaction flask one
can pierce the septum with a thin needle, or, more correctly, use any kind of "CaCl;-
tube" packed with activated molecular sieves. After the time required (typically, 5 h), the
temperature was raised to 150 °C and polymerization was terminated (decatalysed,
removal of NMe3) by heating for at least 3 h. Then, the reaction vessel was cooled to
room temperature under argon, the tipped ends of the PTFE-tubes were cut with a razor
blade and thus prepared PDMS-sticks were pushed out by 2.5-3 mm rod. To protect the
surface of the stick, a piece of finger-rolled cotton was placed between rod and stick. The
freshly prepared PDMS sticks were dried at ambient temperature in vacuo (0.002 mbar)
over night.
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Data for swelling of PDMS sticks in THF-ds.

1.2 mol% bis-D4 in THF-ds, at 300K. Start: 10/04/2013, 15:00.

time, h 42h +72h +2h +6h +18h +23h +47h
12/04, 15/04, 15/04, 15/04 16/04 17/04, 19/04
9:23 9:24 11:34 17:56 12:08 11:02 9:53

Avq Hz |4.4/36 |70/56 |71/57 |72/58 |75/59 |78/62 |81/64

Swelling has been performed at room temperature, measurement performed at 300K at

an Avance-III-600 spectrometer.

1.5 mol% bis-D4 in THF-ds, at 263K. Start: 23/05/2013, 18:00.

time, h 161h +25h +26h +34h +8h
30/05, 31/05, 01/06, 03/06, 03/06,
11:20 12:27 14:27 00:48 9:05

Avq, Hz 6.0/4.5 6.5/4.9 6.8/5.2 7.1/5.4 7.2/5.4

Swelling has been performed at 253K, measurement performed at 263K at an Avance-

[11-600 spectrometer.
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RDC structure elucidation for -(-)-cariophyllene (BCP) in PDMS gel

NMR spectral assignment (CDCl3 at 279 K) and RDC data

Previously, NMR experimental datal’l in Me,0-ds or DFT calculated chemical shifts[®l
were published. Here we provide the full NMR attribution of BCP in CDCl3, including
assignment of diastereotopic protons. For the spatial structure representation one can
use the Cartesian coordinates for the three naturally populated conformers provided
here below.

For the isotropic sample 50 pL of BCP was dissolved in 0.5 mL of CDClz. Anisotropic
measurements were performed for a PDMS gel sample containing 1.3 mol% of cross-
linker and solution of 5 pL of BCP in 1 mL of CDCls. About half of the BCP solution was
placed at the bottom of an 5 mm OD NMR tube, then a PDMS stick (length 14 mm) was
pushed inside using a rod such that the gel would be in the coil of NMR spectrometer.
The rest of BCP/CDCl3 solution was added to the top of the PDMS stick (the stick floats in
CDCl3 and needs to be hold covered by the solution by putting a rod on the top of the
stick until the stick swells — usually a matter of 1-2 minutes). The anisotropic gel was
then equilibrated at 279 K. All NMR measurements for both isotropic and anisotropic
samples were performed at 279 K on Avance-II1-600 spectrometer.
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Assignment and RDCs for aa/Ba conformers (isochronous NMR signals) of BCP.

HA CH?;]
H.. WCHY
10 1"
HB
| H H
A_C " HA
H/ (S) 1(R)
13\ " > "IHB
HA 1 HA s ) 3L
HE % ~ He
Ae H )
CH,
Table SI-1.
NMR attribution
C | O ppm H S, ppm
C1 53.3 H1 1.68
C2 29.3 H2A 1.51
H2B 1.44
c3 39.9 H3A 1.91
H3B 2.08
Ca 135.6 - -
C5 124.2 H5 5.31
C6 28.4 H6A 1.99
H6B 2.34
Cc7 34.7 H7A 2.00
H7B 2.20
Cc8 154.6 - -
Cc9 48.4 H9 2.32
C10 40.2 H10A 1.65
H10B 1.65
C12 16.3 H12 1.61
Cc11 33.0 - -
C13 111.7 H13A 4.82
H13B 4,94
C14 22.6 H14 0.97
C15 30.0 H15 1.00

'Deyp, HZ
Coupling nuclei Fi-cpd HSQC
CLIP HSQC (MQ_evol.)
C1 H1 3.3710.10 3.38%+0.30
Cc2 H2A -0.50%0.30 no
C2 H2B 3.63%+0.20 no
H2A H2B - 4.50%0.20
Cc3 H3A 3.80%0.20 4.04%0.20
Cc3 H3B -0.04%0.10 | -0.02%0.50
C5 H5 2.91%+0.10 2.96%0.10
cé6 H6A 1.79+0.30 2.08%0.20
cé6 H6B 0.1810.30 0.3310.20
H6A H6B - 5.90%0.20
Cc7 H7A 1.45+0.50 1.86+0.20
Cc7 H7B -0.01+0.30 -0.18+0.80
Cc9 H9 3.61+0.10 3.6610.10
C10 H10A Str. Coupl. 8.4710.10
C10 H10B Str. Coupl. -4.78+0.10
H10A H10B - 5.80+0.10
C12 c4 0.28+0.10 0.28+0.10
C13 H13A -1.23+0.10 -
C13 H13B 0.27%+0.10 -
Cl14 Cl11 0.141+0.10 0.141+0.10
C15 C11 0.16+0.10 0.14+0.10
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Table SI-2.

NMR attribution

C | O ppm H Sy, ppm
C1 55.7 H1 1.49
C2 313 H2A 1.67

H2B 1.55
C3 34.7 H3A 1.57
H3B 2,51

Ca 135.1 - -
C5 124.4 H5 5.26
(o] 29.3 H6A 2.42
H6B 2,11

Cc7 40.2 H7A 1.9

H7B 2.42

(o] 155.0 - -
Cc9 49.3 H9 2.24
C10 42.5 H10A 1.78
H10B 1.56

Cl11 32.6 - -
C12 22.1 H12 1.58
C13 110.8 H13A 4.88
H13B 4.95
Ci14 21.9 H14 0.96
C15 29.7 H15 0.97

NMR signals assignment and RDCs of -conformer of BCP.

'Deyp, HZ
Coupling nuclei F;-cpd HSQC
CLIP HSQC (MQ_evol.)
C1 H1 4.031+0.20 3.83+0.10
Cc2 H2A Str. Coupl. no
Cc2 C2B Str. Coupl. no
Cc3 H3A Str. Coupl. 3.2410.20
c3 H3B Str. Coupl. no
C5 H5 2.54+0.20 2.99+0.20
c6 H6A 2.40%+0.30 2.7210.50
c6 H6B 0.70+0.30 0.62+0.50
H6A H6B - 3.22+0.05
Cc7 H7A overlap 3.61+0.20
C7 H7B -0.54+0.20 no
Cc9 H9 3.8810.30 3.8410.30
C10 H10A 1.00£0.20 1.1740.10
Cc10 H10B 2.75+0.15 2.68+0.10
H10A H10B - 3.0210.15
C12 ca 0.28+0.10 0.27+0.10
C13 H13A -1.01£0.10 no
C13 H13B -0.03+0.10 no
Ci4 C11 0.23+0.10 0.21+0.10
C15 C11 0.12+0.10 0.11+0.10
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Cartesian coordinates for -Caryophyllene conformers

Structural models for the RDC fits were generated computationally by geometry optimization
using density functional theory as implemented in ORCA v3.0.1.°1 While the previously
published studies by Alagona et al.l¥l give some torsion angles, electronic energies and predicted
NMR chemical shifts, no Cartesian coordinates of the conformers are reported.

Starting from a geometry used by Krupp et al.,[1%] bonds were rotated manually into geometries
resembling the oo, Ba, BB and af conformers reported by Alagona et al. These starting
geometries were subsequently re-optimized at the B3LYP/def2-TZVPIl level of theory.
Numerical frequency analysis was performed to confirm the local minimum nature of the
respective geometries. Table SI-3 compares the relevant torsion angles and relative conformer
populations (derived from Boltzmann weighting) to those reported previously by Alagona et al.
The aff geometry is not expected to be populated significantly at room temperature and is not
observed in the NMR measurements.

Table SI-3. Comparison of DFT-optimized geometries calculated in this work with those
reported previously by Alagona et al. (values given in parentheses).

Conformer C6-C.7-C8-C13 CZ-C_3-C4-C12 AE (kJ/mol)s Boltzr_nann
torsion (deg.) torsion (deg.) population (%)
oo 87.8 (84.5) 81.9 (82.6) 0.000 (0.000) 47.53 (54.12)
Bo -82.2 (-81.3) 83.2 (81.1) 0.847 (1.849) 33.77 (25.67)
BB -97.0 (-91.5) -128.6 (-126.0) 2.313 (2.443) 18.69 (20.20)
of 83.4 (86.4) -102.2 (-129.5) 21.543 (20.815) 0.01 (0.01)

arelative electronic energies. Values given by Alagona et al. in kcal/mol were converted to k]/mol for comparison.

ao conformer

C7 -1.73327117181850  -1.77820500473941 -2.29115863301432
C8 -0.55731003654020 -1.25536028276519  -3.09905280774412
C9 -0.33043548619936  0.22638049769772  -3.30908913452871
C5 -1.01520493064994 -0.80056308555655  -0.13342594362439
C6 -1.37350907977576 -2.08575508360322 -0.80721666770035
Cl -0.67300379386680  1.38202548689861 -2.31061657877904
C2 0.35954063456868  1.89821529884217 -1.30488548860629
C3 0.26902823697989  1.25469593142328  0.10668030010963
C4 0.19363029755245  -0.24480974221335 -0.01581853892338
C12 1.50575316548968 -0.95693333492627 -0.20498648187083
C13 0.25583537748238  -2.12315105915667 -3.70450967708168
C10 -1.23073606637242  0.94667597089612  -4.35097506771688
CI1 -1.09043124340522  2.26568592374780 -3.54042416913712
H1 -1.59521167634404  1.13598449124328 -1.78046249932595
H9 0.70941687518397  0.35251616517380  -3.62207492603027
C14 0.02966508707956  3.14665721977439  -4.09697789398944
C15 -2.36260151002627  3.08135505366122  -3.33952811931179
H7A -2.55795173561613 -1.05936843578192 -2.31059531678714
H7B -2.10735207605629  -2.69400409990509 -2.75579636040319
H5 -1.86892467924200 -0.15539373366167  0.06406458596873
H6B -0.55759128390755 -2.80900656303050 -0.78221641834107
H6A -2.23811210252789 -2.55697046102717 -0.33034175491040
H2B 1.36633828609280  1.75463559386485 -1.70837167352474
H2A 0.22989767014925  2.97914911206761 -1.18791667596750
H3B 1.12796257618416  1.57950033778565  0.70219580068061
H3A -0.62825070344715  1.63065156747542  0.60433027616655
H12A 2.08808382509718 -0.50934784490737 -1.01553498350857
H12B 2.11151887688243 -0.85850243727142  0.70224747443019
H12C 1.39164347639609 -2.01669374630205 -0.42445605154082
H13A 0.08114065745805 -3.19260949411664 -3.66402600804785
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HI3B 1.11774474526898 -1.79401872273056  -4.27333806834121
HI10A -2.25513101045426  0.56777524018126  -4.33220958094461
H10B -0.86952419085276  0.94066607902244  -5.38140123703370
HI4A -0.27458886661807  3.58059345468003  -5.05354493989939
H14B 0.26390866421556  3.97312758208381  -3.42148088309094
H14C 0.95043759479750  2.58602479355081  -4.26875235972526
HI5A -2.70080374753930  3.53067735501958  -4.27830869885406
HI5B -2.19881880165773  3.89725364365110 -2.62849350760117
HI5C -3.17269185396099  2.45879633295410  -2.95190129144954
Ba conformer

C7 -1.52461282047094 -2.02975048080262 -2.16023003190019
C8 -2.13318237918140 -0.76049396847212  -2.74896824185690
C9 -1.19620787061045  0.31222653833295 -3.27876837923890
C5 -1.04267179737108  -0.66286037097979  -0.14754147954163
C6 -1.45323439049373  -2.02955163605179  -0.60615448085287
C1 -0.86554700359287  1.64677922606555 -2.49121454022774
C2 0.40765351544324  1.83199575167136  -1.65644345055236
C3 0.34011463896438  1.34858906286205 -0.18841816331683
C4 0.18762764064999  -0.14985645088892  -0.13178118159954

C12 1.45327695560262
C13 -3.45986800656598

-0.95542928448273
-0.64110633212671

-0.24777246136025
-2.80329101454161

C10 -1.68102243082437  1.19526711789494  -4.45731095854899
Cl11 -0.96055249487477  2.43045333371714 -3.85317252371436
H1 -1.73802592254568  1.91135245872689 -1.88646468849265
H9 -0.25011902765376 -0.16450163918916  -3.54894035943800
C14 0.38616046971237  2.68815541496283  -4.53128272642951
CI15 -1.77383238372947  3.71867945341134 -3.80238752449361
H7A -2.09995606986641 -2.89689424770825 -2.49400709267814
H7B -0.51205840452958  -2.15346514320492  -2.55254429548653
H5 -1.86607235855148  0.03770611501441  -0.04158790094153
H6B -0.76477337034172  -2.81119767983090 -0.27884010347585
H6A -2.43664711278228 -2.28120850912685 -0.20241625399864
H2B 1.24842547252312  1.34339031907476 -2.15755430673450
H2A 0.65126112446403  2.90082722056912  -1.64503143196804
H3B 1.24482742055762  1.67916086520926  0.33216384351575
H3A -0.50818152114691  1.83133351803821  0.30443155460915
HI2A 2.13503237546505 -0.69891902106624  0.56934458643617
H12B 1.27239731627166 -2.02900105526426 -0.20572008176145
H12C 1.99109865244997 -0.73829262578594 -1.17680977466344
H13A -4.10882978000505 -1.42920445433687 -2.43861450090388
HI3B -3.95491509242687  0.23387053658423  -3.20465019616956
HI10A -2.76239647607136  1.32416748774788  -4.45555059670058
H10B -1.37430119530111  0.87596296891344  -5.45570827120504
H14A 0.22667421018271  3.06698296738460 -5.54486790833736
H14B 0.97509939633999  3.43433933045855 -3.99287819083719
H14C 0.98965487028835  1.78141522974029 -4.60961411462913
H15A -1.94128903309584  4.11846995124086 -4.80726977750257
HI5B -1.25582184718618  4.49058988234112  -3.22457156296798
H15C -2.74872826969581  3.55191714935629 -3.33879041749375

BB conformer

C7 -1.90773413165683  -1.87863935969646  0.78482927799605
C8 -0.72072985527074  -1.72456936394926  -0.15558075242551
C9 0.50843678015151 -0.99197122392147  0.35667366220537
C5 -2.13187024169230  0.59472749447167  0.88988910394223
C6 -2.90071213546240 -0.68060307705116  0.78389718142791
Cl 0.96113647845628  0.43532475545869  -0.15323129729299
C2 0.58429758488965  1.74056711200507  0.55833862497638
C3 -0.70638028792629  2.42750423425233  0.06879988198031
C4 -1.87113839270055  1.46643987908686 -0.08362023890867
C12 -2.56898089628030  1.50563034396381 -1.41536119564006
C13 -0.76301192205143  -2.28519513413909  -1.36417995751579
C10 1.91706976935923 -1.50665212903988 -0.04520177050518
C11 2.45098445028248 -0.05144280900715 -0.05280141924948
H1 0.70529526371138  0.51223497893496 -1.21466287317156
H9 0.44990553514081 -0.95606111562481  1.44710261543425
C14 3.13048119266748  0.29062730188434  1.27626863829126
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C15 3.34100478557813

H7A
H7B

H5 -1

H6B
H6A
H2B
H2A
H3B
H3A
HI2A
HI12B
H12C
HI3A
H13B
HI0A

-2.46245579279334
-1.53019510033867
.55925729067181
-3.59727906820112
-3.49010565570971
1.40590928290888
0.52672463254375
-0.95548560825055
-0.50970913687477
-3.43511599681659
-2.90926405453817
-1.88119023157453
-1.63862845717598
0.05981168607568
2.39414412398298

0.33351605120461
-2.78457326739115
-2.01997479168227

0.69265201138371
-0.81099332268111
-0.71183184393555

-1.22694625002745
0.52912702903793
1.80286828935637

1.80966684568204
1.61908624961394
-0.13248354423082

2.45147012958680  0.41549293214340
1.56762499304100  1.63636011347620
3.25326634279058  0.74452045079236
2.89031056030069 -0.90269392984789
0.84869678803454  -1.47204263636483
2.52458252905280  -1.62896482866948
1.23008678641987  -2.22175958241814
-2.82730753499917  -1.70189851974508
-2.22794581683710  -2.06610376313724
-2.20969733493845  0.64065949905242

H10B
HI14A
H14B
H14C
HI15A
H15B
H15C

1.92491429062115
4.08024827122351
3.34653157866459
2.51896956771226
4.30815121734041
2.87296742769319
3.53578033698274

op conformer

C7 -1.24165530043525

C8 -0.14915184898231

C9 1.03262051516936

C5 -2.02589931643742
C6 -2.49105787322033

Cl 1.03792409380851

C2 0.73399186080484

C3 -0.72959279655122
C4 -1.69448035272996
C12 -2.05936970317876
C13 -0.20864671352927
C10 2.19592091700360
Cl1 2.50483350932434
H1 0.41101261979259

H9 1.44490011292576

Cl4 3.60105229361598
CI5 2.82291489284897
H7A -0.85789106831644
H7B -1.55380379920688
H5 -1.69524706481880

-1.94029603564136

-0.24546883440872

1.35830303796281
0.00249366355966

-0.17581405874186

0.06493286226088
1.41080519803033

-1.59164319382940
-1.06718303334593
-0.29661589522521
0.75771114154802
-0.65901878956609
0.59375199857654
2.09980001196412
2.55424200563605
1.39097787605995
0.93136615543871
-1.31300540464589
-1.10692942619292
0.10044862011113
0.11498945414384
0.29519737752746
0.99501161843945
-0.21817938193433
-1.69938631935445
-2.58557932091306
1.21429527748751

-1.04528851706797
1.35478814087805
1.36454217284937
2.13360825620348

-1.17478340242539

-2.17707626545085

-1.24283822124495

0.53450049421032
1.45179369672242
0.89889075283087
0.34416992479383
0.494405610460641
-0.39053433318498
-0.33256248123430
-0.68965117003640
-0.78110821529000
-2.16612858299628
2.76175646950877
0.25786579351957
-0.67136723526628
-1.14394937823132
1.71956579141966
-0.08783407976320
-2.12826500724938
-0.48288567943931
0.86475581887322
1.27391109300848

H6B -3.04709394214060 -0.77841254912609  1.42755246641039
H6A -3.14979931101773  -0.97914974884052  -0.31525871694922
H2B 1.42185409227415  2.61479341970808 -1.00877423610614

H2A 0.98272904191568  2.46649891806594  0.66653244098422

H3B -1.07033057055589  3.26227995724156  0.06897513972720

H3A -0.71406400655018  3.10357239350916 -1.63351518125744
HI12A -2.74964712355643  0.08846286689154 -2.16908930437680
HI2B -1.17246962666431  0.64641072915038  -2.74268778908571
H12C -2.53139057192081  1.75133164851877 -2.71717866375213
HI13E -0.99612149837217 -1.92047744809933  3.19373363023650
H13Z 0.53219610376439 -0.91961993959164  3.44885816913507
HI10A 2.98398450452856 -1.44909196481883  0.93182361156144
H10B 1.82189423239930 -1.96372215465022 -0.30680761907381
H14A 4.56129104109809  0.47248083944671 -0.12429959621022
H14B 3.70889160082628  1.91909437860474 -0.66071660357918
H14C 3.41063034796424  1.27066835172966  0.95153864071054
H15A 3.78066387040693 -0.73991816741564 -2.21952127339765
H15B 2.05532846729386  -0.85549241867308 -2.57352593377348
H15C 2.89216837041926  0.69558011642327 -2.72679846386566
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RDC cross-fits:

BB-BCP RDCs fitted to Cartesian coordinates of either aa conformer or fa
conformer

The results show that the RDC data of the 8 conformer are described the best with the
Cartesian coordinates of 3 conformer (as judged from the lowest quality factor, see the
main manuscript text). The cross fitting to the coordinates of other conformers give
worse quality factors Q.

Dcalc
Dcalc
N

Dcalc

Fig. SI-1. Correlation fit for 15 experimental

and calculated RDCs for (33 conformer of BCP

and different Cartesian coordinates.

Counterclockwise: aa conformer coordinates

+ (Q-Factor 0.319), BB coordinates (Q-factor

2 : : : : : : 0.074), Ba conformer coordinates (Q-Factor
o Dexp 0.319).
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Anisotropic alignment study of (+)-isopinocampheol and its acetyl ester

Isopinocampheol (IPC) has been traditionally used as a test small molecule for the
performance of new alignment media in our and other groups developing RDC methods
for small organic molecules. Technically, one can prepare an aligned sample in two ways.
First, the gel can be pre-swollen in pure solvent up to its equilibration point, when
neither length nor Avq of the gel changes anymore. The solution of a small molecule is
then applied on the top of a pre-swollen gel and allowed to diffuse. The second option is
to achieve simultaneous gel equilibration and analyte diffusion. The latter approach
implies that the degree of alignment of a gel in the pure solvent is known.

We prepared samples either by simultaneous gel swelling and diffusion of the small
molecule or diffusion of (+)-IPC into pre-swollen PDMS gel being applied in solution on
the top of the gel. In both cases degradation of Avqwas observed, seen in 2H NMR spectra
and images (Fig. SI-2).[12] For the sample, in which (+)-IPC diffused from the top of the
gel, 2H NMR images indicate a Avq reduction at the analyte location, propagating
together with (+)-IPC diffusion (Fig. SI-3).

18 days % Avp=0.5Hz

10 days ||| Av,=2.5 Hz

5 da_ys A_JL_ ,_-\\'U=6.8 Hz

|
4 days J|| \lll

llu | Av=7.8Hz

3 days J,|||k J\ Av,=8.2 Hz

480 470 480 450 440 430 420 410 400 Hz

Fig. SI-2. 2H NMR spectra (400 MHz): simultaneous swelling-diffusion of a 1.3 mol%
PDMS gel in 8 mg (+)-IPC/1 mL CDCI3 solution. The analyte diffusion in course of gel
swelling is characterized by Avqreduction (the value of Avqin pure solvent is ca. 23 Hz).

e

Fig. SI-3. 2H NMR image (400 MHz) of a gel when (+)-IPC/CDClz was added on the top of
a pre-swollen gel. We observed Avqdegradation for 1 and 1.3 mol% PDMS gels,
commencing with the analyte diffusion (top of the graph corresponds to the top of the
NMR tube).
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We observed an elongation of the gel in (+)-IPC solution to the values higher than those
seen in pure CDCls. This process was accompanied by gradual reduce of Avq until the
value of 0 Hz was reached, which is characteristic for isotropic systems. Moreover, a
PDMS gel contacted with (+)-IPC for more than one month shortened in length and
released viscous liquid, which later on became significantly fluid. The gel could either
shrunk or depolymerize in the (+)-IPC solution at the concentrations of 9 mg/mL. The
29Si 1D and 2D NMR examination of the liquid, released from an (+)IPC/PDMS/CDCl3
sample, evidences for the polymer chemical degradation: both liquid and an intact gel
show a 29Si NMR signal of dimethylsiloxanes at -21 ppm (Fig. SI-6) A 7-month old
sample became completely isotropic.

Interaction of PDMS with IPC
The chemical degradation of PDMS gel in the fine solutions of (+)-IPC was surprising for

us, especially because similar sticks earlier were reported to be successfully applied in a
number of studies!13! but not for isopinocampheol. A synthesized (+)-IPC-derivative, O-
capped with acetyl group, did not prevent the reduction of the Avq but degradation
seemed to slow down such that we were able to get 10 RDCs (in the range -4...+2 Hz)
already after two days of diffusion. The experimental and theoretical RDC values are in
agreement with the spatial structure of the molecule (Table SI-4 and Fig. SI-4).

The ability of PDMS to swell differently in solvents is of great concern in the
development of micro devices and their components. Alcohols are not reported to be
good solvents for PDMS, i.e. do not show high values of volume increasel4l. Thus, our
results showing the independence of PDMS gel extension from alcohol or ester
functionalities of (+)-IPC, on the one hand, coincide well with the general data for the
polymer swelling properties. On the other hand, the information on chemical
incompatibility of (+)-IPC and PDMS is potentially of big importance for further
applications.

(+)-Isopinocampheol acetate ((+)-IPC-OAc). 1M solution of (+)-isopinocampheol in
pyridine was chilled on an ice bath and 2 eq. of acetic anhydride
were added via septum. The reaction mixture was stirred for 5
hrs. on the ice-bath and then kept in a fridge until reaction
completion. The reaction progress was monitored via TLC. The
mixture then was poured on an ice cold HCl solution and the
product was extracted in diethyl ether. The combined organic
extractions were washed with 1M HCl, water and brine. The final ether solution was
dried over MgSOs and the organic solvent was removed on a rotary evaporator
providing dark-yellow liquid. Yield: 80%. R¢ (EtOAc-PE, 1:5) 0.6. 'TH NMR (400 MHz,
CDCl3, 300 K) 6 = 0.89 (CH3-9, 3H, s), 0.98 (H-7a,1H, d, 9.9 Hz), 1.02 (CH3-10, 3H, 7.4 Hz),
1.15 (CHs3-8, 3H, s), 1.58 (H-44, 1H, ddd, 14.3x4.2x2.8 Hz), 1.75 (H-1, 1H, dd, 5.9x2.1 Hz),
1.86 (H-5, 1H, m), 1.99 (Ac-12, 3H, s), 2.04 (H-2, 1H, m), 2.30 (H-7s, 1H, m), 2.52 (H-4s,
1H, m), 4.96 (H-3, 1H, m) ppm. 13C NMR (100 MHz, CDCI3, 300 K) 6 = 20.5 (CH3-10), 21.5
(Ac-12), 23.7 (CH3-9), 27.5 (CH3-8), 33.4 (C-7), 35.9 (C-4), 38.3 (C-6), 41.3 (C-5), 43.6 (C-
2),47.5 (C-1),74.1 (C-3),177.0 (CO-11) ppm.
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RDC structure elucidation for (+)IPC-OAc
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Fig. SI-4. Fragments of a CLIP HSQC spectrum (600 MHz) of (+)-IPC-OAc in CDCI3 (left)

and a spectrum of (+)-IPC-OAc recorded in 2.6% PDMS equilibrated in CDCl3 (right).

Selected 1D-slices of the F1-domain corresponding to diastereotopic protons H7s and
H7a reveal high quality of the acquired data for the anisotropic spectrum.

Table SI-4. RDC data for IPC-OAc

1
Dexps Hz
Hatom | Catom (CLIP HSQC)
1 1 0.05%1.00
2 2 1.41+0.20
3 3 -0.21+0.30
4s 4 0.65%0.20
4a 4 1.73+0.30
5 5 2.32+0.70
7s 7 -3.98+0.50
7a 7 -0.02+0.20
8* 6 -0.32+0.10
9* 6 0.05+0.05
10* 2 0.20+0.40
* Catom
4 T T T T T
3 - .
2 -
.l 0.108).
o 0F .
&
ERS .
2 - 4
3 p
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Fig. SI-5. Correlation between calculated and
experimental RDCs for (+)-IPC-OAc (Q-factor



NMR Studies of PDMS-decomposition

l - In our experiments on PDMS gels equilibration with (+)-IPC
il and its acetyl ester we noticed the reduction of the length
and decrease of the Avq of the alignment medium. The same
behavior is true not only for our chemically synthesized
PDMS gels but also for a sample prepared by -
irradiation(1%a], On the photo (Figure SI-6) one can see the
first step of visible gel changes, when it starts to be fluid. To
probe whether chemical degradation or gel shrinkage took
place, we analysed by NMR spectroscopy methods the
‘supernatant’ - the liquid above the gel level.

Figure SI-6. Photography of dissolving PDMS gel in IPC/CDCl3 solution

29Si NMR spectroscopy of PDMS and oligodimethylsiloxanes

The ‘supernatant’ solution in CDCl3 was analysed by 1D and 2D 29Si NMR spectroscopy.
In (1H-29Si) HMBC spectra of the liquid released from the (+)IPC/PDMS/CDCl3
anisotropic system (Fig. SI-7a) and spectra of the intact PDMS/CDClz (Fig. SI-7b) one
can clearly see that ‘supernatant’ contains dimethylsiloxanes (-22 ppm in 2°Si), i.e.
chemical changes occur leading to the loss of the anisotropic properties of the gel.
Measurements were performed on Avance-I1I-600 NMR spectrometer.

—JM ppm N ppm

=T g0
\\ imethylsiloxanesf o5 PDMS 7 25
E— 20 (@) E 20
- 15 - -15
- 10 - 10
™S - -5 ™S - 5
-0 (= [ o
a @ b
L L L
0.15 0.10 0.05 0.00 ppm 0.15 0.10 0.05 0.00 ppm

Fig. SI-7. (1H-2°Si) HMBC spectra of the depolymerized PDMS (a) and an intact gel (b).
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DOSY-study of PDMS-decomposition.

A 2D DOSY spectrum (Bruker pulse program stebpgpls, A = 200ms, 6 = 2 ms, linear
gradient 2-95% in 32 incremental steps, Gmax of the probe head in the z-direction is 50 G
cm-1)[2] of the ‘supernatant’ solution of a (1% PDMS gel/(+)-IPC) was obtained at 300 K
on Avance-III HD-400 spectrometer (see Figure SI-8). The self-diffusion coefficients D of
TMS, (+)-IPC, residual CHCI3 and oligodimethylsiloxanes were determined via standard
monoexponential fitting analysis in Topspin 3.2. With D = 1.93:10° m2s1, the
experimental value for TMS in CDCl3 is lower as compared to the measured at the same
temperature previously published[*5] value of 2.92-:10-° m2s-1, which might be due to the
presence of high content of oligomers in the mixture and thus a higher viscosity. For the
depolymerized PDMS gel the estimated range of D is about (2.00-2.76)-10-11 m2s1, i.e.
two orders lower values than TMS corresponding to much slower diffusion.
Unfortunately, the more precise determination of the self-diffusion coefficient, which
could allow a determination of the molecular weight of the depolymerisation products,
was not possible due to the broad MW distribution of the oligodimethylsiloxanes.

|

L mils

oligo- |
dimethylsiloxanes

I 3_710 D

"“'.@f

7 6 5 4 3 2 1 0 ppm

o('H)

Fig. SI-8. 1H DOSY experiments confirm the presence of the de-polymerization products
in CDCl3 solution.

Thus chemical incompatibility of the PDMS gels and the bicyclic monoterpene (+)-
isopinocampheol lead to chemical degradation of the gel, as seen in 2H NMR, 29Si NMR
spectra and 1H DOSY experiments. Esterification of the alcohol functionality allows
performing RDC analysis but does not fully prevent degradation of anisotropic
properties. The latter cannot be accounted for only by the alcohol functionality of the
analyte. The reason for the chemical incompatibility of the polymer gel and the (+)-1PC
ester is not yet known.
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Predicting solvent quadrupolar splitting in a swollen gel

We consider a polymer network swollen by a deuterated solvent. Each molecule of
solvent diffuses throughout the gel, interacting occasionally with the monomers of the
polymer chains. During these encounters, the interactions between the partially aligned
monomers of the chains and the solvent bias the orientation of the solvent molecule. The
quadrupolar splitting of the solvent can thus be written as:

Avg=AviedS (1)

where ¢ is the chain monomer volume fraction accounting for the probability of a
solvent molecule to encounter a chain monomer, S is the average of the second Legendre
polynomial of monomer orientations, Av) is the quadrupolar splitting of perfectly
aligned solvent molecules (for instance Avg=168 kHz [1¢] for CDCl3) and ¢ is an efficiency
factor accounting for the transfer of orientation between the monomers and the solvent
molecules during a solvent-monomer encounter. Equation (1) can be equivalently
understood by considering the time average of the second Legendre polynomial of
solvent orientations. When the molecule diffuses freely away from the polymer chains,
the molecular orientation state is described by an isotropic orientation distribution, and
the measure of the second Legendre polynomial is averaged to zero. During a fraction ¢
of the total average time, when the solvent encounters a monomer of the polymer chain,
its distribution is biased proportionally to the orientation state of the chain monomers.
The efficiency of solvent orientation during this time fraction is a function of the detailed
microscopic interactions between the chain monomers and the solvent molecules.
Maximal quadrupolar splitting of the solvent Av, = Av)  would require thus small
amounts of solvent ¢ = 1, completely aligned chains S =1 and a perfectly efficient
transfer of orientations ¢ =1. Note that while ¢ and S are determined by the
experimental conditions, € is an intrinsic property of a given solvent/monomer pair.
Tabulated values of ¢ for different solvent/monomer pairs would therefore allow
predicting the expected quadrupolar splitting for experiments performed under
controlled swelling and stretching conditions. In the following we first review
theoretical predictions for S in stretched polymer gel networks, then provide explicit
expectations in the case where gel stretching is caused by swelling in a tube. Finally, we
compare our predictions with the data from the experiments discussed in this paper and
extract the value of the orientation transfer efficiency for the pair PDMS/CDCls.

Orientation of chain monomers in a polymer gel. We first write (following Sommer &
Saalwachter [171) the order parameter of the chain monomers as

s=5 @)

Where R is the end-to-end distance of a polymer chain of N monomers connecting two
cross-linking points and R, the average size of that chain in a given reference polymer

solution with the same monomer volume fraction. Note that the average value of N is
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related to the crosslinking molar fraction Xz by N = 2/(z Xcg) where z is the crosslinker
functionality. In our case where z = 4 one has N = 1/(2 X¢g).

We have, respectively for the ideal chain and for Flory excluded volume conditions

Sia =5 723 and Sp = b7/ (3)
When the gel swells isotropically in an excess of solvent the prediction for the
equilibrium volume fraction is

¢le; = N~3/8 and ;q — N-3/5 [4)
so that

A molecule of solvent diffusing in a polymer gel probes many chain orientations during
the NMR typical times (106 s), resulting in a vanishing average for the order parameter
S. However, if one stretches the gel, a stress-induced anisotropy results that, for the case
of uniaxial deformations along the Z-direction (R, Ry, R;) = (R«A'1/2, RyA'1/2, R;A), can be
written as

R?

S=—w( =3 (6)

with corresponding values for S resulting from different solvent conditions (ideal versus
good solvent) following from (3) and (5).

Swelling in a tube. A typical NMR experiment is performed by inserting a cylindrical
piece of a dry gel of diameter D, and length L, in an NMR tube of internal diameter D;.
The gel is then exposed to solvent and let swell to a length L. The polymer volume
fraction ¢ is given by

p=20 (7)

2
DL

If the cylindrical dry gel had been allowed to swell isotropically in free solvent, it would
swell to dimensions

D; = Dyp™ /3
Ly =Logp~*/3

By measuring the deformation A with respect to the isotropically swollen state we get

A=p=r¢ = D= e (8)

Ly

Swelling of a gel in a tube then induces concomitantly a decrease of monomer volume
fraction ¢ and an increase in anisotropy.

For a gel swollen in a tube we expect thus (from (1), (3), (6) and (8))
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. 4 2
ot = el s (2) 57— (2) 677 (90
for ideal conditions and
4 2
avh = avgex ¢¥/o(22) ¢~ - (3) 92 (9b)

for good solvent conditions. When the gel reaches maximum (equilibrium) swelling one
gets

. 4 2
g = s e () -G o

for ideal swelling and
4 2
Avy©T = av e ((72) N0 - (E) N0 (10b)

for swelling under excluded volume. Note, that the maximum Av achievable in a tube is
given by

Avéd’eq =Avj e % (%)5/6 (g—;)g for  N= (%)4/3 (Z_:)S (11a)
and
st =sge @R o we@E) am

Comparison with experiments. PDMS gels of diameter Do=3 or 3.2 mm and length
Lo=14 mm with different degrees of cross-linking (0.5 1.0, 1.3, 1.5 and 2.0 mol% or,
equivalently, X.g = 0.005, 0.010, 0.013, 0.015 and 0.020 corresponding to N=100, 50, 38,
33 and 25) were swollen in NMR tubes with internal diameters Dt=4.20 mm for the two
most cross-linked samples and D1=4.09 for the three others. Swelling and equilibration
of the gel is relatively fast, Av, reaching stable values after one week for most cases. As
the Fig. 1 in the main paper shows, all samples swollen for a period of four days or more
exhibit homogeneous Av, in the region captured by the NMR coil. The values of Av,first
increase with time, eventually reaching the plateau value of fully equilibrated gels.

We first plot in Figs. SI-(9-12) the bare data from PDMS sticks anisotropic swollen in an
NMR tube, while one monitors the length of the gels and the values of quadrupolar
splitting of CDCl3 in 2H NMR spectra. Fig. SI-9 plots the increase in relative length L /Lo of
the gel sticks as a function of time. After a period of 20 to 40 days all samples have
reached plateau conditions corresponding to maximum relative extensions in the range
2-4, with larger extensions being achieved for gels with smaller crosslinking fractions.
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Fig. SI-9. Relative length L/Lo as a function of time t, in days (0.5 mol% cross-linker -
squares, 1.0 mol% - triangles, 1.3 mol% -circles).

For the relative extension values L/Lo in Fig. SI-9, we display in Fig. SI-10 the
corresponding evolution of the monomer volume fraction in the gel, as given by Eq. (7).
Under the experimental conditions of this paper, as the gels swell, they span monomer
volume fractions from ¢ = 1 in the dry state down to ¢ = 0.15 for the less cross-linked
samples in the fully swollen state.

0.30}.
0.25¢ i

L
0% 10 2:(0 30 20

Fig. SI-10. Volume fraction ¢ of PDMS in a gel as a function of time t, in days (0.5 mol%
cross-linker - squares, 1.0 mol% - triangles, 1.3 mol% -circles)

Fig. SI-11 shows the time evolution of the measured values for the quadrupolar splitting
Avy. Note that the measured quadrupolar splitting values are in the range 5-25 Hz, tens
of thousand times smaller than the maximum possible values (Avg=168 kHz) for

perfectly aligned CDCl3 molecules.
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We plot also in Fig. SI-12 the evolution of quadrupolar splitting values Av, as a function
of relative gel extension. The figure shows well that under these experimental conditions
of constrained gel swelling, the measured Av, values are not a function of chain
stretching alone, since the larger stretching ratios, achieved for less cross-linked gels, do
not translate into higher Av, values.

4 L F ' Fig.  SI-12.  Quadrupolar
20t v gt 1 splitting Avyin Hz as a function
.. b of relative length L/Lo (0.5
mol% cross-linker - squares, 1.0
5 10t ] mol% - triangles, 1.3 mol% -
:& ol : gagrsr 700 circles)
q v]
0 L

1.0 15 20 25 30 35

L/Lo

We now analyze the bare data in Figs. SI-(9-12) according to the prescriptions of the
theoretical arguments presented above. We first characterize the prevailing statistical
conditions of the chains in the gel network, by plotting the equilibrium swelling fractions
¢ in Fig. SI-13 as a function of the molar cross-link fraction X z: we found that they
follow the standard Flory-Rehner(!8] predictions for the swelling of gels in an ideal
solvent - see Eq. (4) ¢~ Xé{f. This shows that N, the average size of polymer strands
between crosslinking points, spans a value range not large enough for reaching
conditions where excluded-volume statistics applies. The larger value N=100 is obtained
for the lower X.z = 0.005, while the larger cross-linking fraction Xz = 0.02 corresponds
to N=25.
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0-30 Fig. SI-13. Equilibrium volume fraction ¢°4

0.25 of PDMS in a gel as a function of the molar
. 020 fraction of the cross-linker X . Note, that the
] 0.15 average chain length N between two cross-
0.10 linking points is given by N = 1/(2 X¢g) and

thus varies here between N=25 for
Xcr = 0.02and N=100 for X;z = 0.005. The
line is the best power-law fit to the data
¢e = 1.05 X%,

0.05

0.000 0.005 0.010 0.015 0.020 0.025

Xer

We plot in Fig. SI-14 Av, as a function of polymer volume fraction for the five different
Xcr values available. Interestingly, for samples with N=50 and N=38, ideal statistics
provides the best fit with Eq. (9a), while for the largest N value, excluded volume
statistics applies [191 as described in Eq. (9b). This is consistent with ideal swelling
conditions applying throughout most of the explored cross-linking density range, the
sample with N=100 being at the crossover between ideal and excluded volume statistics.
For the two samples where only equilibrated properties have been measured
Xcr =0.015 and Xcg =0.020, we assumed ideal conditions and extracted the
corresponding ¢ values by assuming Av)=168 kHz. Fitted ¢ efficiencies for the five
samples range frome =59 X 1073toe = 7.1 x 1073,

50F 1  Fig. SI-14. Quadrupolar splitting
4ot Avy in Hz as a function of the

volume fraction ¢. The lines are
30f 1 best fits according to the Egs. (9)
20t | with Av)=168kHz, providing

£=65+0.5 %1072 ((0.5 mol%

mﬂ_ﬂ_\_' cross-linker - squares, 1.0 mol% -

. . . . . \ ]  triangles, 1.3 mol% -circles), 1.5
0.12 0.14 0.16 0.18 0.20 0.22 0.24 mol% - empty squares, 2.0 mol%

() - filled triangles)

AVQ/HZ

10

Our results are thus well described by Eq. (1) and the associated ¢ dependent curves of
Egs. (9), confirming the physical picture developed above. In particular, it is clear from
our data, that solvent quadrupolar splitting in gels swollen in a tube cannot be
understood by gel stretching alone, since larger stretching is achieved for more diluted
gels, where the probability of encounters between the solvent and the chain monomers
is smaller. Our arguments account for the interplay between these two opposing effects
and quantitatively describe the data. The analysis further stresses the importance of ¢,
the efficiency of transfer of the orientation from the monomers to the solvent molecules.
This parameter, found here for PDMS and chloroform to be of the order of 1/150, is
expected for most systems to be an intrinsic property of a given solvent/monomer pair,
but otherwise independent of experimental conditions. Anticipated exceptions are
briefly discussed at the end of this section.
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A clear picture emerges from our description that accounts for the quadrupolar splitting
values observed under these experimental conditions. The reference value for solvent
quadrupolar splitting, its maximum attainable value, is of order of a couple of hundred
kilohertz. Dilution of the gel to the range of 10% volume fraction reduces this amount to
the order of a couple of tens of kilohertz. Monomer orientation order parameters S, even
for gels stretched in the tube by a factor four, do not rise about 0.2, bringing for these
experimental conditions the maximum orientation power of the gel network to the
range of a few thousand hertz. How much this orientation potential can be transferred to
the solvent depends on the microscopic nature of the interactions between the
monomers and the solvent during the time length of an encounter. We found here that
such transfer is smaller than a percent for the PDMS/CDCI3 pair, bringing thus the final
observed values to the range of a few tens of hertz.

In practice we expect, as values of the efficiency of orientation transfer will become
available for other monomer/solvent pairs, that our approach will provide a widely
applicable, quantitative pathway to understand and predict the amount of quadrupolar
splitting that one can expect for a given experimental geometry. Indeed, given the
efficiency of the gel/solvent pair, the simple knowledge of the gel size and cross-linking
ratio will allow predicting quadrupolar splitting values.

Note that our treatment of solvent quadrupolar splitting given by Eq. (1) is similar to
others[2%, but introduces explicitly the probability of interaction between solvent and
chains, given by the dilution factor ¢ in the equation, and identifies ¢ the efficiency for
transfer of orientation. A more in-depth study of the validity of Eq. (1), and in particular
on its dependence on the order parameter S of the monomers, is in principle possible by
using a combination of deuterated solvents with non-deuterated chains, and deuterated
chains with non-deuterated solvents. This might be crucial if, as we anticipate here,
there are certain cases where ¢ might be S-dependent, for instance when the size of the
solvent molecule is much larger that the size of the chain monomers, and the resulting
interactions between the chain monomer and the solvent loose their local character.

Being able to quantitatively treat quadrupolar splitting in anisotropically swollen gels
will not only provide an operational framework for dealing with orientation media in
RDC experiments, but will also open a spectrum of new interesting possibilities to study
the interactions of gels with different molecules. A particularly relevant example
concerns gel swelling in solvent mixtures, say for the sake of clarity, in binary solvent
mixtures. Since the value of quadrupolar splitting depends explicitly on the probability
of encounter between a given solvent molecule and the chain monomers, the
dependence of measured values of quadrupolar splitting Av, as a function of X, the molar
ratio of one of the solvents in the mixture, should be very sensitive to phenomena akin
to preferential solvation. Thus, we would expect a smooth linear interpolation between
two values for Av, as a function of X if the two solvents are equally good for the polymer,
while any preferential solvent character will increase its probability of contact with the
chains above its average value, promoting markedly non-linear variations of Av, with X.

S25



wdd

[

—

9¢S

B[ oo|to|ho|oo|tn (b a
Nlo|&2]alNaelN =)
4 €

L4

b bed I Enl P et
o|o|o|= | |iv
N IS

3

vl

;

P S U E S R

— 0

:

P R I

L

00°T od

0 a9

ZH 0 41

0 dss

ou mam

ZHW €ST000E°009 as
9€659 IS
siojowered HUTSsS2001d - Z4d

M 00000000°F%T ™MTd
o8sn 05°6 1d
HT TO0N

ZHW ¥10LZ0€°009 TOds
======== TJ TANNYHD ========
T 0ar

©9S 000000007 L 1a
M 0°6LT jcon
o9sn 0§ 9 |€a
o3sn 009" 1F ma
zv°8 94

23S 9.6292L°T oY
ZH 66€€8T°0 SEIATA
ZH 0€Z°610CT HMS

0 sa

8 SN
£1000 INIATOS
9€559 arL

bz 90¥d'1nd
T€/HT IdlL ww G JHE0¥d
103ds WOILSNT

ST ¥T _euTy
80S0710C @3ed

sisjoweIed UuoT3TsTnboy - Z4d

1 ONDO¥d
0T ONdXd
suaTTAydoAzed-q 009-BTTNA HNYN
sI9jaweied eleg JUSIIND

CORBMUUONONONNWOWOONNWWRWL ©
NJOoOwoONOOHRONOHROOMOBMNMNANE N

Ve v —

92 9~
€S

d 6L
HT

€100 TW §°0/d0d I 0§

M 642 €1DAD/dD9 3o YN Hi

eaoads YN



wdd

LTS

0 114 oy 09 08

ovi 091
% %

" , " L " o . i p L L
iy o ’ ié} e Aoy - ! g}a s s il
0r"T od
0 a9
ZH 00°T a1
0 dss
WA Mam
ZHW $99GG6¥%6 0GT as
89LCE Is
szs3swered bursssooid - zd
|
M 00S5LZ2660°0 €TIMTd
M 000092020 ZIMTd I |1
M 00000000°TT cMTd
oesn (00°'0L 2adodod
9T1z3Tem z194¥dado
HT ZONN
ZHN ZT0%Z0€°009 z0ds
======== ¢J TANNVHD ========
M 00000000°0F%T MTd
o9sn 00°€ET d
J€T TONN
ZHW 06%9096°0GT T0dS
======== 1J TINNYHD ========
T [o]etin
098 (000000€0°0 T1da
098 (00000000°C a
¥ 0°6LT AL I
o9sn 05°9 qa
ossn [987€ET Ma
0s0¢ 24
08s 659.806°0 oY
ZH L6T0SS 0 SHIAIA
ZH 1697 LS09€ HMS
0 sa ,
96¢ SN |
[Reiete] INJIATOS |
9€669 arn
0gbdbz 50¥d1Nd
TE/HT I9l ww § aHdodd
Jjo=ds WOEILSNI
80°9T _PuTyL
SZrovT0C 93ed
sI9jsweied uoT1TsTInboy - za
: s ==/ INSSSSe==—— AANA A
6 ONdXd
suaTTAydokieo-q 0Q9-BTTNA ANEN
szeqowereg eied quszany PPN N NN NDNDNWLWWWLWWLWWWE BB MOOIOJ |l PR RBR [ onlian
OFEFDNNOOWOWOWORENNERAEOOONOOWWULII == DN WWw (S8,
P T T T oRr S 1, F 'S
WOOOANANWMNMNOMOWULIOANORLNOUOBANWNIO . . o e .
NONdFHRONODONBNOWOONONODULIWNOUGWER ) Nd& oWum o ©
O J NO Yo = dJ

<)
A3IMNAaEa
(<)

A 6Lc
O€T
€TOdD TWw §°0 /4049 10 0§

M 642 €12AD/dDd JO ANN et



wdd

0

)
s

8¢S

Q| = [ QOO e | | [N | e | e | -
Llo|o|olololvl=|ale o
NENNEE RN ES S

I 4 €

14 S 9 L 8 6

[N N B B BT BT B B I S

R N Il
||

ZH 0 a1

0 dss

ou Mam

ZHW L77000€°009 s
9€659 Is
sielswered bursse001d - Z4

M 00000000 ¥%T ™MTd
o9sn 0G°6 4
HT TONN

ZHW TLOLEOE 009 TO4S
======== T[J TENNVHD ========
T 0ax

©3s (00000000°€ Ta
X 0°6LC jcnn
ossn (0G°9 aa
D9SN £e5°0Y Mma
Lzz 99

P3S 976€969°¢C ov
ZH GZZ881°0 SHIATA
ZH 9¢G GeecT HMS

0 sa

9T SN
[oanelete} INHATOS
9€859 aL

oebz 90¥d1nd
TE/HT 14l wu G aHgo¥d
Joads WAMISNI

90°8 _S{uTlL
€160V 102Z 23eq
sIsjlaweied COHuﬂwH5@U< - zd
T ONDO¥d

T _ ONaxd
O¥0-2dI 009-®TTINX ANYN

sisjawered eleq JUSIIAND

Co )
AIAMNaAE
(<)

AN 77NN

OORRRKFKFEKENNN >

WOORUI®WOO WU © HT
CoOoONUIOUOOBRON o d oLc

€T0dD UT OV¥Y0-DdI

M 6.2 €1DAD/2V0-DdI(+) JO YN H:



6¢CS

0v°T ) or  wdd 0z ov 09 08 001 (ir4} ovl 091 081
ZH 00° 1T a1 . | . | . | . | . | . | . | . | . | . | .
0 gss , s o A o - " " " L
Jic Mam . i i lal e J h "
ZHW G89L2T9°00T as
89LZ€ s
sxo3sweaed buTrssedo0id - zJd
M 0000009T°0 £IMId
M 000€GL6T 0 [ATIBES
M 00000000791 Zm1a
09sn 00°06 zadod
9T1z3TeM z19d9dado
HT ZonN
ZHW G009TET 00¥ z04s
======== 7J TINNVHD ========
M 00000000°€9 ™1d
o9sn 00°0T 1d
OET TO0ON
ZHW €628229°00T 1048
======== TJ TANNVHD ========
v 0ax
23S 000000€0°0 11d
23S 000000002 1d
M 0°00€ L
09sn 0G°9 aa
09sn 008°0¢ ma
0502 24
09s 8BYTE9E" T ov
ZH 86L99€°0 STIATA
ZH T9% 8€0¥%C HMS
0 sa
vZoT SN
[shgelefe) INFATOS
9€£G59 az
oehdbz 204¥d1nd
/44 odgvd uw G qHE0¥d
30ads WAYISNI
9% L _auTg
60607102 e3eq
siojswered uot3lTstnboy - zd
T ONDO¥d
z ONaxd
OY0-DdI 009-BTTNX HAYN
sIsjsueied eileg jusian)

yaynuga SHENCHBEES > £
cwboOOTWO I N o
u

M 6427 €1DAD/2V0-DdI(+) JO YN D¢t



0€S

0
zH o . . . . . .
: wdd 0} Sl 02 4 0'S §'G
ANISD
ZHW 15566767 0ST | | | | |
oydeTIUR-OUDS
8¥0Z
saejsueIed BuTsse00Id - 14 - - —
od —
P N 14
ZH 0 a1
z ass
ANISD Mam
ZHH 000000€ 009 as .
2618 15 oLL 4 eh NN =
s1ojsuered HuTSS®00Id - 74
oyoeTaUY-0UOE
wdd L8L°F9T
ZH G6E0LT"L6
ZHW T956°0ST
95z Auaw F =
saojswered uoT3TSTNbOY - T4
98sm 00°000T 91d
% 01°0Z 22dD
% 00°08 1245
00T 0TOSHS [Z]W¥NdD cm —
00T 0TOSKS (1] WvNaD
n
- dwoogodan ow
M £5T000ST"9€
ZH 0
‘50 /09d1d
4 00000000°0FT 0L 4
2950 0070002
9851 00°00§
2950 00°€T
JET
ZHW ZTTT19S6°0ST
=====2=2 23 TANNVHO ======—= 09
M 00000000° T u1a
sesn g 8za " "
2350 00761 zd ™ ™
09sn 0676 1d
HT TO0N —
ZHW ZTOPZ0E" 009 T04s Om e
=====2== 13 TANNVHO ========
585 0102000070 " - ™ -
295 00002000°0 " v
0 - [ -
038 §T#2L100°0 1] 4 tad L4
"1
‘0
0000000°SPT " - - -
% 0°6L -
oesn 0575 ° - o e —
£6€69 — r r - =_—
osn £E€769 0€ 0o -e0ete - - - -
095 [816L95°0
ZH GTE088°0
ZH 6€5°TTZL 'y 'y ' ' S
% ‘ V
mHUD) ON E
£1000 P
z618 L ! ' [] (]
z+dso(drdb3isobsy 90dd1Ind
TE/HT 6L W §  QHEOWA
3oads WOEISNT
ST'ET _suTL
91105102 °3eq e
B A 1V o [ | f
T ONDO¥d
09 _ ONaX3d
susTTAydodzeo-q (09-BTTNA TN

sTo3sueIEg BIBQ JUSTIND

M 642 “€12AD/dD4 30 DOSH dITD



ZHN

EESY

sz

wdd
zH
ZHH

[

0502

sa93;

s30T

Ad3IMNAUG

z
ENISO
TGG55P6° 06T
ouosTIUR-OUDS
z618

Jsuesed bursssoord - 14

€91
Jsuezed buts

oYoaTIUY-0YST  HAOWUI

8E2°66T

862006 €6 smeara

£656°05T 1035

952 ar

swezed uotitsTaboY - 14
914
zzao
1249

001" 0TOSHS
001" 0TOSHS [T]R¥NGD
TENNYHO INFIQVND ======

o

£ST000ST 9€
zH

005°0
- dwoo09dad
€5T0005T°9¢€
ZH 0
005°0 £T704S
1°02°5°0 [e]myNds
00" Zm1a
ved
v1d
€a
o£1 Zo0N
T162656 051 zoas
——= 2T TANNVHD ——======
00000000° 71 HId
ossn 8za
00761 za
0576 14
HI TONN
€LTIZ0E"009 1045
=== 13 TENNVHD ========
SNLd09Z
ONI

9
00%°22T

-dsofdrdbaeobsy
TE/HT T6L ww g

108ds

TT°ST

91105102

Suwered uoTATSTADOY - zd
T ONOO¥d
L6 OoNaXd
SHAd 009-2TTnA TN

SIe3sweIeg BIRQ JUSIIND

wdd
ocl

oclL

oLl

001

06

08

0.

09

0S

114

0€

114

T RV

M 642 €1DAD/SWAd %9°Z/ddd 3o DOSH dI'1D



(4%

0 €9
zH 0 a1
z 455 - . . . . - . B .
wdd oL Sl 0¢ (*34 0¢ G'¢ (184 *2 4 0°'S
ZHW TSSS5F6°0ST as
oyosTIUE-OYDE zow
vae9T 1s | | | | | | | | |
szejoueied buTsss0id - 14 E
ot 0 o€} -
0 9 ]
ZH 0 a1 ] L
z ass ]
ANISO nam 1
ZHW BOTO00E " 009 as - -
vZoT 1s QNF B c-=
szejswered HuTssso0id - 74 ]
] o_ e
] *
06 -
7 0 ]
0050 ]
1701001 0zLdTE ]
M €ST000ST"9€ E
ZH 0 Qm ]
00570 £T70dS ]
1°02’6°0°09d3D [£]WYNdS B -
z1d ]
Zwa ]
o zdada ]
3 6ca ]
2880 00°005 vid QN E
s9sn 00" €T €d ]
dies 21949404 E
zonn ]
LOEILSE " 0ST 20ds ]
==== 73 TANNVHD ======== QQ ]
4 00000000°¥T E
ossn 8 ] -
09 . -
] - - - -
0 ] -
0 ] —
3 ] - -
. - o
295 000000€0°0 Q.V E
295 p1pZL100°0 7 - -
82857£00°0 E — - - -
0 E r
] - - - -
0 1 &£ - —
QM ] <~ ——
] - -
] f 4 -
] - — - - e
295 0008521°0 3 - -
ZH 0T¥900° ¥ QN - £ -
ZH 269°L08Y i ° .
ze i . . L
01 ]
£1000 ] -
0021 i < ©
z-dsoldbaetqobsy  90WaTnd °F — -
TE/HT T6L Wi G dHEOHd ]
309ds WOYISNI ] -
€571 _surtg B
ZI117102 °3Eq ]
s1e35uBIRg UOTITSTOBOY - Zd ]

T oNDO¥A

YN
s1933URIRg BIRQ JUSIIND

z5
SusTTAUdoATE-q 009-CTTNA

M 642 “€1DAD/dD4 Jo (8= 103108 Sul[eds queLIeA pata[y-qyid) DOSH pa[dnoo-rg



€es

o
N
-

o
-
-

08

0L

09

0S

oy

0€

(174

REEE LR
]

b3sTGPbSY 90
Tal wmw g @

oL

102
s1835WeIRS UOTITSTOBIY - Zd

. wdd

19
S39TIS SHAd_009-eTTIA ra!
s1sj0uRIReg 23Rq JUS

v

M 6427 €10AD/SNAd %9°Z/dDd Jo (8= 10308j Sul[eds QueLreA paIa)y-ayId) DOSH pajdnoo-Ly



: wdd g°L
ANISD
ouosTatE-oUSe |

vES

vacat
sx03860ied urssesor - 14 0Cl

051

z
anIso

2HI HTT000E°009

vZ0T

201 . [
s1s10wered uOTITSTODOY - 14

06 -

08 -

0L -

09 -

£a
21944040
zonn

w08 4
o
o |

0 -

0L -

00zt
dsbuo[d6391qobsy 90

103ds
ST 1z
Z1117102 & Au nu
SR AR S A —— w
1 onooud
s onaxa
uaT1AydoA1E5-G 009-2TT0A T

sIs38ueTRd BIRQ JUBIIND

ey
AIAMNAE
g

3 642 €12AD/dDd Jo uonnjoss Y yatm DYSH pardnod-ty



vZoT 15
sz33uesed b

aL
sisysweTed uoTiTSTNBOY - 12

9351 0070001
% 1

©d uoT3TsTNboY - za

onooua
143 _ onaxa
SHad erTnd

sas39uRaRq BAEq 3

ool

06

08

0L

09

0S

oy

0€

0¢

oL

wdd

SEs

‘
o

M 6.2 “€1DAD/SWAd %9°Z/dDd Jo uonn[oas YN Y3tm DDSH padnoo-ty



9¢€S

wd @ wdd 0L S’ 0¢ 4 0°¢ '€ oy Sy 0°'S

z ass
ENISD Mau P U I IS R U U S RS R B R
ZHW TSSSSF6°0ST as q
oupsTIUE-OYRS zon R
9607 s Qw -
sisjsweied butsseooid - 14 4
07" T 4
0 4
ZH 0
. i
aniso 1 L L
ZHH 827000€ 009 1
618 b
sze3suesed burssenoid - 74 ]
wdd 8L 79T s i
ZH G6E0LT L6 S3¥ATd B
ZHA 1956°0ST T0is
952 an 1
szejswered uoTITSTNDOY - T4 1
98sn 00°000T 91d b
5 01°0Z 2249 i
% 0008 1249 ]
00T 0TOSHS Z]W¥NaD Ow —
00T 0TOSWS TIWYNAD ]
===== TANNVHO INGIQYND ====== ]
M £STO00ST 9 ]
ZH 0 1
005°0 1
- dwoogodin g
B E£STO00ST 9E g
zH 0 ]
00S°0 4
1°02’5° 009410 Om\
M 00000000°0%T i
2981 000002 ]
2981 00005
desn 00-¢1 1 ° L
OET |
ZHW ZTITTI9S6°0ST 1
———--=—= 73 TEANNYHD 1
] ] —
00000000°FT ™MId i
EEEN 8zd ] e °
00761 zd
0576 d Au—ﬂ ]
HT TOON 1
ZHW ZT0¥Z0€°009 1048 7
======== [J TANNVHD ======== B " " - -
i .
SNId09Z R
298 010200000 ONI i
935 00002000°0 91a ] L] ] © [} ——
93Ss pIPZLI00" 0 ra 4
995 00000005 T a ]
93s 00€00000°0 0a
vT ZLSNO Qn ]
jcon 7
] U
ma 9
2¥ E
oY i
STUAT 4 ’ .
HMS 4
] U
SN
INIATOS 1 .
os 0Z- [ ]
zdsoldtdbieobsy 90¥aTNd ‘
TE/HT I€L Ww G QHHOWA B
Joads WNELSNI B
v0'6T Swtl 4
£1607702 °3eq ]

S1035WEITd UOTITSTNEOY - Zd
T oNDO¥d EQQ W

Lo
O¥0-0dI 009-2TIn& AWYN
sI37sweIeg BIEQ JUSIIND

M 642 €10AD/2V0-2d130 DOSH dI'D



0 a9

zH 0 a1

4 ass

ANISO mam

ZHA 15555967 05T as

oudaTIUR-OYDS zon

9607 s

s1sjouered HUTSS900Td - 14

01 od

0 [:6]

zH 0 a1

z ass

ANISO man

ZHW 6€TT00E 009 as

2618 s

sro3owered BuTSSE001d - zd

oyoaTIUY-0YDE  HAOWUL

udd £8L°%9T MS

ZH G6E0LT L6 SEATE

ZHA 1956051 104S

952 ar

s1s35uered uoT3TSTABOY - 14

o981 00°000T 91d

2 22d9

3 1249

00T 0TOSHS [INAD

0 TOSI [T]WYNGD

===== TENNVED —mmeee

u ST 9€

2H 0

005°0
b dwooggdzd
M €STO00ST 9€
ZH 0

00§°0
1°02°6°0*09dxd
400000000 07T
5880 0070002
295000005

29sn 00" €T
OET
ZHN 2TZ1956° 05T
======== 73 TANNVHO
00000000 FT M1
desn o 8zd
2351 00761 za
o351 056 Td
HI To0N
ZHW ZT07Z0E°009 1048
======== 1J TENNVHD ========

935 01020000°0
295 000020000
035 FIPZLI00 0
935 00000005 T
995 00€00000°0
0000000767 T
% 0°6LZ
o8sn 0579
o3sn 00Z°€8
0502
095 FFLST8I 0
ZH 96GEEL"0
ZH G19°6009
43

z+dsoldrdbisobsy  50¥aT0d
TE/HT T8l WW G QHEONd

308ds WOEISNT
€€7€T _suty
P1605102 s32q
sIe3oweIeq UOTATSTNbOY - zd
1 ONDO¥A
8 _ oNaxd
9¥0-04T 009-®TTRA AN

s13jsueieg BIEQ JUBIIND

wdd

LES

wdd

M 6.2 “€1DAD/SWAd %92/ 2V0-Dd130 DOSH dI'TD



References and Notes

14

15
16
17
18
19
20

N.T. Nyberg, ].@. Duus, O.W. Sgrensen, J. Am. Chem. Soc. 2005, 127, 6154.

a) D. H. Wu, A. Chen, C. S. Johnson, J. Magn. Reson. Ser. A 1995, 115, 260; b) M. D. Pelta, H. Barjat, G.
A. Morris, A. L. Davis, S. J. Hammond, Magn. Res. Chem. 1998, 36, 706.

A. Enthart, ]. C. Freudenberger, ]. Furrer, H. Kessler, B. Luy, . Magn. Reson. 2008, 192, 314.

a) K. Fehér, S. Berger, K. E. Kovér, J. Magn. Reson. 2003, 163, 340; b) C. M. Thiele, W. Bermel, J. Magn.
Reson. 2012, 216,134.

K. E. K6vér, K. Fehér, J. Magn. Reson. 2004, 168, 307.

L. Verdier, P. Sakhaii, M. Zweckstetter, C. Griesinger, J. Magn. Reson., 2003, 163, 353.

M. Hiibner, B. Rissom and L. Fitjer, Helv. Chim. Acta, 1997, 80, 1972.

M. Clericuzio, G. Alagona, C. Ghio and L. Toma, J. Org. Chem., 2000, 65, 6910.

F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2012, 2, 73-78.

a) A. Krupp, PhD thesis, Technische Universitiat Darmstadt, Darmstadt, 2015. b) S. Immel, Technische
Universitdt Darmstadt, Darmstadt, personal communication.

F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005, 7, 3297-3305.

P. Trigo-Mourifio, C. Merle, M. R. M. Koos, B. Luy, R. R. Gil, Chem. Eur. J. 2013, 19, 7013.

a) J. C. Freudenberger, P. Spiteller, R. Bauer, H. Kessler, B. Luy, J. Am. Chem. Soc., 2004, 126, 14690; b)
J. Klages, C. Neubauer, M. Coles, H. Kessler, B. Luy, Chembiochem, 2005, 6, 1672; c) P. Tzvetkova, S.
Simova, B. Luy, J. Magn. Res., 2007, 186, 193; d) M. U. Kiran, A. Sudhakar, J. Klages, G. Kummerlowe, B.
Luy, B. Jagadeesh, J. Am. Chem. Soc., 2009, 131, 15590; e) C. Gayathri, M. C. de la Fuente, B. Luy, R. R.
Gil, A. Navarro-Vazquez, Chem. Commun., 2010, 46, 5879; f) G. Kummerlowe, E. F. McCord, S. F.
Cheatham, S. Niss, R. W. Schnell, B. Luy, Chem.- Eur. J., 2010, 16, 7087; g) P. Tzvetkova, B. Luy, S.
Simova, Magn. Res. Chem., 2012, 50, S92; h) S. Weigelt, T. Huber, F. Hofmann, M. Jost, M. Ritzefeld, B.
Luy, C. Freudenberger, Z. Majer, E. Vass, ]. C. Greie, L. Panella, B. Kaptein, Q. B. Broxterman, H. Kessler,
K. Altendorf, M. Hollosi, N. Sewald, Chem.-Eur. J., 2012, 18, 478; i) G. Kummerlowe, B. Luy, Annu. Rep.
NMR Spectrosc., 2009, 68, 193; j) G. Kummerloéwe, S. Schmitt, B. Luy, The Open Spectrosc. J., 2010, 4,
16; k) L.-G. Xie, V. Bagutski, D. Audisio, L. Wolf, V. Schmidts, K. Hofmann, C. Wirtz, W. Thiel, C. M.
Thiele, N. Maulide, Chem. Sci. 2015, 6, 5734-5739.

a) J.N. Lee, C. Park, G.M. Whitesides, Anal. Chem., 2003, 75, 6544; b) K.-S. Koh, ]. Chin, ]. Chia, C.-L.
Chiang, Macromachines, 2012, 3, 427.

E.J. Cabrita, S. Berger, Magn. Reson. Chem., 2001, 39, S142.

B. Deloche, A. Dubault, D. Durand, J. Polymer Sci. B: Polymer Phys., 1992, 30, 14109.

J.-U. Sommer and K. Saalwéchter, Macromol. Symp., 2010, 291-292, 251.

P.]. Flory and ]. Rehner, J. Chem. Phys,. 1943, 11, 521.

P.G. de Gennes, Scaling Concepts in Polymer Physics, 1979, Cornell University Press.

B. Deloche and E.T. Samulski, Macromolecules, 1981, 14, 575.

S38



