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1

NMR experiments
If not specified otherwise, hard pulses were applied using approximately 100 kHz B1. Phasesensitive evolution in indirect dimensions was achieved using States-TPPI.
BRUKER Avance III 300 MHz spectrometer
1D solid-state NMR spectra of [Ir(PyP)(13CO)Cl] were recorded at ambient temperature on a
BRUKER Avance III 300 MHz spectrometer equipped with a 2.5 mm double channel HX probe
using pulse sequences from the standard BRUKER pulse program library. A 1H MAS spectrum
of [Ir(PyP)(13CO)Cl] was recorded at a 1H resonance frequency of 299.78 MHz and MAS rate of
15 kHz. A

13

C CP MAS spectrum of [Ir(PyP)(13CO)Cl] was recorded at a

13

C resonance

frequency of 75.37 MHz and MAS rate of 15 kHz. The contact time of CP was 2 msec. A 31P CP
MAS spectrum of [Ir(PyP)(13CO)Cl] was recorded at a 31P resonance frequency of 121.35 MHz
and MAS rate of 15 kHz. The contact time of CP was 2 msec.
BRUKER Avance III 700 MHz spectrometer
1D and 2D spectra of [Ir(PyP)(13CO)Cl] were recorded at ambient temperature on a BRUKER
Avance III 700 MHz equipped with a 2.5 mm triple channel HXY probe. Experiments requiring
fast spinning (60 kHz MAS) were recorded using a 1.3 mm probe at the same temperature. Set
temperatures were reliably provided despite frictional heating upon fast MAS by use of a BCUX
cooling unit after external calibration using KBr (79Br) chemical shifts.
A 1H MAS spectrum of [Ir(PyP)(13CO)Cl] was recorded at a 1H resonance frequency of 700.36
MHz and MAS rate of 60 kHz.
A 1H-13C HETCOR spectrum of [Ir(PyP)(13CO)Cl] was recorded at a MAS rate of 12 kHz. The
length of 90 pulse on the 1H channel was 2.5 µsec. During t1 the Frequency Switched LeeGoldburg (FSLG)1 decoupling scheme (with the length of one FSLG segment of 8.17 µsec) was
used to improve the resolution in the indirect dimension (ω1). We recorded 150 points
(amounting to 4.9 ms of t1max) in the indirect dimension. 96 scans were collected during the
acquisition (t2) with a 1.8 sec of recycle delay. The contact time for CP (tcp) was 150 µsec. The
SPINAL-642 decoupling scheme (100 kHz) was used on the 1H channel during the acquisition
time.
A 1H-31P correlation spectrum of [Ir(PyP)(13CO)Cl] was obtained using the pulse sequence
shown in Figure 2a at an MAS rate of 60 kHz. Since there are not directly bonded 1H-31P pairs in
the molecule, this sequence enables a combination of a short 1H-1H spin diffusion block and a
2

longer 1H-31P contact time for qualitative assessment of 1H-31P proximities. In this case, we
recorded the experiment using 3392 and 138 data points in t2 and t1 (10 and 34 ms), respectively,
and recording 128 scans for each increment. The contact time of CP (tcp) was 4 msec. During the
acquisition (t2), CW decoupling (112 kHz) on the 1H channel was used to remove heteronuclear
dipolar couplings. A second 1H-31P correlation spectrum with a contact time of 1000µs was also
acquired (Figure 5, below). In the 1H/31P correlations shown here (Main Manuscript figure 4 and
Supplementary figures 6 and 7), the potential 3D experiment was recorded as a 2D without 1H
incrementation after tmix, which was set to 10 µs and primarily acts as a z-filter.
For all CP steps in CP and HETCOR experiments, we employed a ramp (50% to 100%) on the
proton (I) channel around the Hartmann-Hahn condition of the first spinning sideband (ωI = ωX +
ωr). Hartmann-Hahn match was optimized using the parameter-optimization routine in Topspin.
1

H-1H SQ – SQ correlation spectra of [Ir(PyP)(13CO)Cl] were recorded using the self-written

pulse sequence shown in Figure 2b at an MAS rate of 60 kHz.

13

C-1H J coupling in the t1

dimension was removed using a π pulse on the 13C channel in the middle of evolution period (t1).
The mixing time (tmix) for the spectrum given in Figure 5 was 20 msec. 16 scans were collected
during the acquisition (t2) with a 2 sec of recycle delay. To remove the 13C-1H J coupling during
t2, the GARP3 decoupling scheme was used during the acquisition. t1max and t2max amounted to 35
and 40 ms, respectively. A series of SQ-SQ experiments with mixing times (tmix) of 2, 6, 80 and
300ms are presented in Figures 8-11 respectively of this Supporting information.
A 1H-1H SQ – DQ correlation spectrum of [Ir(PyP)(13CO)Cl] was obtained at an MAS rate of 60
kHz. 1024 points (18 ms) were collected in the single quantum (direct) dimension with 16 scans
and 2 sec of recycling delay. We used a Back-to-Back (BABA)4 scheme employing 4 rotor
periods of DQ-coherence evolution and refocusing each, with 4 pulses of 1.5 µsec per rotor
period and a t1max (256 points) of 64 ms.
13

C{31P} REDOR (Rotational Echo Double Resonance)5 experiment for

31

P-13C distance

measurements in the compound [Ir(PyP)(13CO)Cl] was performed using a 2.5-mm Trigamma®
HXY triple-resonance probe (Bruker Biospin) 6 kHz MAS in a standard bore Bruker Avance III
700 MHz spectrometer with a 16.4 T super conducting magnet operating at frequencies of
700.36 MHz, 283.51 MHz and 176.14 MHz for the 1H, 31P and 13C nuclei respectively. The 31P
180° pulse length was 5 µs. For improved insensitivity to B1 inhomogeneity, composite (90°180°-90°) pulses were used on 31P, while the phase of the single refocusing pulse on the observe
3

channel was varied according to the EXORCYCLE6 scheme. 1H to
with 4 ms contact time was used to generate the

13

C cross-polarization (CP)

13

C signal before the REDOR period. 1H CW

and SPINAL-64 decoupling at field strength of 67 kHz were used during the REDOR evolution
and detection period respectively. The composite

31

P 180° pulses were optimized in 1H{31P}

REDOR experiments on Aldrich hydroxyapatite Ca10(PO4)6(OH)2, with detection of the OH
protons. The maximum duration of the REDOR dephasing was 11.67 ms. A total of 2.5 k scans
were averaged with a recycle delay of 5 s.
The REDOR curve (S/S0) versus N×Tr (dephasing time), where S0 and S are total (including all
SSBs)

13

CO peak intensities of the undephased (full) and dephased spectra, respectively, for a

given recoupling period; d is the dipolar coupling constant, N is the number of rotor cycles, and
Tr is the time per one rotor cycle) plotting was performed using the equation given in the work
by Gullion et al.5
Varian VNMRS 600 MHz spectrometer
The

31

P-13C distance measurement in compound [Ir(PyP)(13CO)Cl], was also performed using

31

P{13C} REDOR at an MAS rate of 10 kHz. The spectra were obtained on a Varian VNMRS

spectrometer (600 MHz) with a 31P frequency of 242.7 MHz and a 13C frequency of 150.8 MHz
using a Varian 3.2 mm triple channel HXY BioMAS probe. Initial transverse 31P coherence was
generated by cross-polarization from 1H with 2 ms contact time following a recycle delay of 90
seconds. The REDOR pulse sequence segment employed the “CPMG”7 variation: For the S0
reference spectra, two rotor-synchronized CPMG-style 8 µs 180°

31

P pulse trains flanking a

central 180° pulse centered between two rotor periods; “dephased” S spectra interleaved 8 µs 13C
180° pulses centered at the half-rotor period marks in both pulse 31P pulse trains. The pulse trains
on each channel followed XY-8 phase cycling,8,9 and eight REDOR evolution time increments
(from 0.8 to 6.0 ms) corresponded mostly to increments of 8 rotor periods to ensure complete
XY-8 phase cycling (i.e. Tr = 100 µs, N = 8, 16, 24, 32, 40, 48, 54, 60). An additional data point
using just 2 rotor periods (0.2 ms dephasing) was also included, in spite of using an incomplete
XY-8 phase cycle, to reduce short-distance artefacts in the BS-REDOR analysis. A 180°

31

P

Hahn-echo pulse sequence element with EXORCYCLE6 phase cycling was centered in a final
two rotor periods after REDOR evolution to correct for rotor-synchronized finite pulse widths.
80 kHz SPINAL-642 proton decoupling was applied during REDOR evolution and acquisition.
Acquisition times were varied such that the entire decoupler-on time was constant at 15 ms. The
4

S0 and S pulse sequences (and corresponding FIDs) were concatenated such that S signal was
acquired as close in time as possible to the reference S0 signal; previous work showed that this
significantly reduced systematic error, presumably due to environmental variations. Each
REDOR data point is calculated from three S0, S spectral pairs of 16 transients each collected in
this interleaved S0-S fashion. Error statistics are propagated into the REDOR data points based
on statistics from these replicates.
For all experiments, two dummy scans were applied in order to avoid contribution from residual
polarization outside experiment coherence pathways. Total experimental times for the 1H 1D
spectrum, the 1H-13C and each 1H
SQ/DQ correlation, all points of the

31

P 2D correlation, each 1H-1H SQ/SQ spectrum and the

13

C{31P} REDOR spectra amounted to 1 s, 7 h, 15 h each,

1 h and 20 min each, 18 h, 10 h, respectively. For 31P{13C} REDOR 1 h of dummy scans were
used and the total experiment time was 44 hrs.

Figure 1. 1H{31P} NMR spectrum of [Ir(PyP)(13CO)Cl] recorded in CD2Cl2 (298 K).

5

Figure 2. Pulse sequences for a)

31

P-1H correlation experiment, b) 1H SQ-SQ correlation

experiment (In both cases, the excitation pulse, the 90-degree pulse after tmix and (in a) the CP
spin lock on the heteronucleus were cycled according to independent 0/180 degree two-step
phase cycles. These sequences were newly assembled based on standard building blocks and
mixing of magnetization by proton-driven spin diffusion).10

Figure 3. Pulse programs for a) HETCOR experiments1 and b) DQ-SQ correlations using
BABA4, both according to the literature (pulse sequences used as provided by the Bruker
library). See the above text for experimental details.

6

Figure 4. Pulse sequence for 13C{31P} REDOR experiment according to the literature.11

Figure 5. Pulse sequence for 31P{13C} REDOR experiment.12

7

Figure 6. 1H-31P correlation spectrum of [Ir(PyP)(13CO)Cl] acquired at tcp of 1ms.

Figure 7. Projections of the 1H-31P correlations. a) Projection along the 31P (direct) dimension, b)
projection along the 1H (indirect) dimension. In both cases, the 1000 µs CP spectrum is shown
on top of the one with a contact time of 4000 µs.
8

Figure 8. 1H SQ-SQ correlation spectrum of [Ir(PyP)(13CO)Cl] acquired at tmix of 2 msec.

Figure 9. 1H SQ-SQ correlation spectrum of [Ir(PyP)(13CO)Cl] acquired at tmix of 6 msec.

9

Figure 10. 1H SQ-SQ correlation spectrum of [Ir(PyP)(13CO)Cl] acquired at tmix of 80 msec.

Figure 11. 1H SQ-SQ correlation spectrum of [Ir(PyP)(13CO)Cl] acquired at tmix of 300 msec.
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