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S1 DNP SPECTRA AND ENHANCEMENTS

Here, we show non-normalized DNP spectra, so it’s possible to compare the enhancements. As described

in the main text, frequency modulation improves the enhancement when compared to cw irradiation (

Awepip =0 ), in all cases. In addition, each sample has a different value of AW piry that results in maximal

enhancement. We also notice that when the modulation is turned on, there is a slight "smoothing" effect

on the DNP spectra, and sharp features that were resolved under cw irradiation are less and less visible

as M@chirp is increased. For the DNP spectra at 3.4 T the frequency separation between the maximum and

Aw

minimum enhancement increases as =~ chirp increases. This is much less prominent at 7 T.
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Figure S1: 'H-DNP enhancement as a function of the MW irradiation frequency (DNP spectra), for several

values as function of Awchirp - The radical type, radical concentration, temperature, and experimental
magnetic field are indicated on the figure.

S2 ELDOR AND DNP SPECTRAAT7 T

The ELDOR spectra measured at 7 T for the 2.5 mM 4AT sample are plotted in Figure S2. Also, in that figure
are the fits of the ELDOR spectra.

The DNP spectra measured at 7 T for the 2.5 mM 4AT sample are plotted in Figure S3. The fits of the DNP
spectra are also plotted, in addition to the difference between the experimental spectra and the fits.

The DNP spectra measured at 7 T for the 2.5 mM 4AT sample are plotted in Figure S4. The fits of the DNP
spectra are also plotted, in addition to the difference between the experimental spectra and the fits. Here,
we added SE to the fit, to show that the quality of the fit decreases as compared to when only the iCE is
used for fitting.

The ELDOR spectra measured at 7 T for the 10 mM AMUPol sample are plotted in Figure S5. Also, in that
figure are the fits of the ELDOR spectra.

The DNP spectra measured at 7 T for the 10 mM AMUPol sample are plotted in Figure S6. The fits of the
DNP spectra are also plotted, in addition to the difference between the experimental spectra and the fits



The DNP spectra measured at 7 T for the 10 mM AMUPol sample are plotted in Figure S7. The fits of the
DNP spectra are also plotted, in addition to the difference between the experimental spectra and the fits.

Here, we added SE to the fit, to show that the quality of the fit decreases as compared to when only the
iCE is used for fitting.
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Figure S2: ELDOR
spectra for the 2.5
mM 4AT sample
with  A@chirp =0
MHz (left column)

and
Aw

chirp

chirp =300 MHz
(right column)
plotted at several
detection
frequencies,
Wetect, given in the
legends. The EPR
line is plotted
above the ELDOR
spectra for
comparison.
Overlaid are the
simulated ELDOR
spectra (magenta).
The parameters
used for the fits are
given in Table Al,
in the main text.
The experiments
were performed at
4 K.
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Figure S3: DNP
spectra for the 2.5
mM 4AT sample
plotted at several
Awchirpyalues. The
chirp pulse
bandwidth is given
in the legend. The
EPR line is plotted
above the DNP
spectra for
comparison.

Overlaid are the
fits of the DNP
spectra (magenta),
which is the sum of

the iCE (dashed
blue) and SE
(dashed green)
DNP spectra with
the ratios given
Table 1. Also
overlaid is the
difference

between the
experiment and
the fit (blue
symbols). The

experiments were
performed at 4 K.
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Figure S4: DNP spectra and fits for the 2.5 mM 4AT sample plotted at severa chirp values, with

kiCE(A“’chirp) =09 and kSE(A“’chirp) =01 to show that the fits do not improve with the addition of the SE.
The chirp pulse bandwidth is given in the legend. The EPR line is plotted above the DNP spectra for
comparison. Overlaid are the fits of the DNP spectra (magenta), which is the sum of the iCE (dashed blue)
and SE (dashed green) DNP spectra. Also overlaid is the difference between the experiment and the fit
(blue symbols). The experiments were performed at 4 K.
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Figure S5: ELDOR spectra for the 10 mM AMUPol sample with (from left to right) Awepip =0 MHz,

Aw =100 MHz, Aw =300 \yp, Aw

chirp chirp chirp:soo MHZ, plotted at several detection frequencies,

Wetect, given in the legends. The EPR line is plotted above the ELDOR spectra for comparison. Overlaid are

the simulated ELDOR spectra (magenta). The parameters used for the fits are given in Table A1, in the
main text. The experiments were performed at 4 K.



1.2
1.0 "

\
0.8 -

06+

04 -]
0.2

3 /
i ST
% 0.0 lllllll._..... .“;5 i 1] - A TTT LI
B 924 f p
<
€ -044 E .
0.6 4 4| —=—100 MHz B
o8] 1] fit - 100 MHz. ]
‘ === === fit - 100 MHz
10 1 MW Frequency b
-1.2 4 4 o— diff .
T T T T
1925 1950 1985 1940 1945 195182.5 193.0 193.5 194.0 1945 195.0
MW Frequency (GHz) MW Frequency (GHz)

Figure S6: DNP spectra for the 10 mM AMUPol sample plotted at several A@chirpyalues. The chirp pulse

bandwidth is given in the legend. The EPR line is plotted above the DNP spectra for comparison. Overlaid
are the simulated DNP spectra (magenta), which is the sum of the iCE (dashed blue) and SE (dashed green)
DNP spectra with the ratios given Table 1. Also overlaid is the difference between the experiment and the
fit (blue symbols). The experiments were performed at 4 K.
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Figure S7: DNP spectrum and fit for the 10 mM AMUPol sample plotted at several Awcpirp values, with

kiCE(chhiTP) =09 and kSE(chhirp) =0.1 45 show that the fit does not improve with the addition of the
SE. The chirp pulse bandwidth is given in the legend. The EPR line is plotted above the DNP spectum for
comparison. Overlaid is the fit of the DNP spectra (magenta), which is the sum of the iCE (dashed blue)
and SE (dashed green) DNP spectra. Also overlaid is the difference between the experiment and the fit



(blue symbols). Also overlaid is the difference between the experiment and the fit (blue symbols). The
experiments were performed at 4 K.

S3 ELDORAND DNP SPECTRAAT3.4T

The ELDOR spectra measured at 3.4 T for the 40 mM TEMPOL sample are plotted in Figure S8 before
baseline correction. Also, in that figure are the spline functions used for the baseline correction.

The ELDOR spectra measured at 3.4 T for the 5 mM TEMPOL sample are plotted in Figure S9. Also, in that
figure are the fits of the ELDOR spectra.

The DNP spectra measured at 3.4 T for the 5 mM TEMPOL sample are plotted in Figure S10. The fits of the
DNP spectra are also plotted, in addition to the difference between the experimental spectra and the fits.

The DNP spectra measured at 3.4 T for the 5 mM TEMPOL sample are plotted in Figure S11. The fits of the
DNP spectra are also plotted, in addition to the difference between the experimental spectra and the fits.
Here, we added SE to the fit, to show that the quality of the fit decreases as compared to when only the
iCE is used for fitting.

The ELDOR spectra measured at 3.4 T for the 40 mM TEMPOL sample are plotted in Figure S12 before
baseline correction. Also, in that figure are the spline functions used for the baseline correction.

The ELDOR spectra measured at 3.4 T for the 40 mM TEMPOL sample are plotted in Figure S13. Also, in
that figure are the fits of the ELDOR spectra.

The DNP spectra measured at 3.4 T for the 40 mM TEMPOL sample are plotted in Figure S14. The fits of
the DNP spectra are also plotted, in addition to the difference between the experimental spectra and the
fits.

The DNP spectra measured at 3.4 T for the 40 mM TEMPOL sample are plotted in Figure S15. The fits of
the DNP spectra are also plotted, in addition to the difference between the experimental spectra and the
fits. Here, we added SE to the fit, to show that the quality of the fit decreases as compared to when only
the iCE is used for fitting.

DNP enhancement as a function of 2%chirp curves measured at 3.4 T for the 40 mM TEMPOL sample are
plotted in Figure S16.
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Figure S8: ELDOR spectra for the 5 mM TEMPOL sample with (from left to right) Awcpiy =0 ,

Aw i, =60 Npy BDcpirp =150 \Mpyy and AQchirp = 200 g plotted at several detection frequencies,

chirp
Wetect, given in the legends. The EPR line is plotted above the ELDOR spectra for comparison. Overlaid are
the spline functions used to baseline correct the ELDOR spectra (magenta). The experiments were

performed at 16 K.
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Figure S10: DNP spectra for the 5 mM TEMPOL sample plotted at several A@chirp values. The chirp pulse
bandwidth is given in the legend. The EPR line is plotted above the DNP spectra for comparison. Overlaid
is the fit of the DNP spectra (magenta), which is the sum of the iCE (dashed blue) and SE (dashed green)
DNP spectra with the ratios given Table 1. Also overlaid is the difference between the experiment and the
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Figure S11: DNP spectra and fits for the 5 mM TEMPOL sample plotted at several AC"chirznvalues, with

kiCE(A“’chirp) =09 5nd kSE(chhirp) =0.1 45 show that the fits do not improve with the addition of the SE.
The modulation amplitude is given in the legend. The EPR line is plotted above the DNP spectra for
comparison. Overlaid are the fits of the DNP spectra (magenta), which is the sum of the iCE (dashed blue)
and SE (dashed green) DNP spectra. Also overlaid is the difference between the experiment and the fit
(blue symbols). The experiments were performed at 16 K.
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Figure S12: ELDOR spectra for the 40 mM TEMPOL sample with (from left to right) Awepirp =0 ,

Bwepirp =60 Mz, Achirp =150 Mz and A@chirp =200 Mz plotted at several detection frequencies,
@etect, given in the legends. The EPR line is plotted above the ELDOR spectra for comparison. Overlaid are
the spline functions used to baseline correct the ELDOR spectra (magenta). The experiments were
performed at 16 K.
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Figure S13: ELDOR spectra for the 40 mM TEMPOL sample with (from left to right) Awcpiy =0 ,

Awpipy = 60 MHz, Awepipy = 150 MHz and Awpipy =200 MHz, plotted at several detection frequencies,

Wetect, given in the legends. The EPR line is plotted above the ELDOR spectra for comparison. Overlaid are
the simulated ELDOR spectra (magenta). The parameters used for the fits are given in Table 1, in the main
text. The experiments were performed at 16 K.
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Figure S14: DNP spectra for the 40 mM TEMPOL sample plotted at severa
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bandwidth is given in the legend. The EPR line is plotted above the DNP spectra for comparison. Overlaid
are the fits of the DNP spectra (magenta), which is the sum of the iCE (dashed blue) and SE (dashed green)
DNP spectra with the ratios given Table 1. Also overlaid is the difference between the experiment and the
fit (blue symbols). The experiments were performed at 16 K.



intensity {(a.u.)

intensity (a.u.)

Figure S15: DNP spectra and fits for the 40 mM TEMPOL sample plotted at severa
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The chirp pulse bandwidth is given in the legend. The EPR line is plotted above the DNP spectra for
comparison. Overlaid are the fits of the DNP spectra (magenta), which is the sum of the iCE (dashed blue)
and SE (dashed green) DNP spectra. Also overlaid is the difference between the experiment and the fit
(blue symbols). The experiments were performed at 16 K.
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Figure S16: DNP enhancement as a function of A“)chirzofor the 40 mM TEMPOL sample Each plot compares

the experimental DNP enhancement with the curve for the iCE (magneta). The curves were measured at
the following frequencies: 94.679 GHz (top), 94. 783 GHz (middle) and 94.861 GHz (bottom). The
experiments were performed at 16 K.



S4 QUALITY OF DNP FITS

We define a parameter for the quality of the fitting of the experimental DNP spectra as:

Z [Sexp(wexcite) - Ssim(wexcite)]z

O-DNP = [Yexcite

Ny .
excite

where nwexcite is the number of points measured in the experimental DNP spectrum. The values of
kice@®epirp)  and  Kse(B@chirp) are chosen such that PDNP is minimal, and ensuring that
kiceBwepip) + Ksp(Bwepyyy) = 1, for each DNP spectrum. The values of the sum squares of the difference
are given in the Supporting Information (Table S1), for cases where it isn't obvious if SE should be included
or not.

As described in the main text, the amount of SE needed to fit the experimental spectra decreases as

Awcpiry increases. In fact, for all samples, the fits of the spectra with higher Awcpiry values used

kSE(A‘“chirp> 150) =0 The 40 mM TEMPOL DNP spectra also used kSE(chhirp) =0 for all values of

A®chirp In order to check if adding SE will improve the quality of the fits, we compared °ONP when

ksp (B0 chirp) =0 gng Ksice(B@ehirp) =1 ith Kse(A@chirp) =01 ang Ksice(Bchirp) = 09 The values are

given in Table S2. In all cases, the fits with kSE(A“’chirp) =0 and kSiCE(A“’chirp) =1 were of higher quality,
proving that no SE is necessary in those cases.

Table S1: The values of by kice(B®cpirp) and *se(BWchirp) ysed to fit the DNP spectra for different values of

chhirp, and the fit quality 9pnP, both for the optimal fits, and for fits where the addition of the SE lowers

the quality of the fit (highlighted in yellow).

Sample | AwChirP (MHz) | kiCE(chhirp) | kSE(chhirp) | Opnp
2.5 mM 4AT 200 1 0 0.024
7T,4K 300 1 0 0.023
200 0.9 0.1 0.025
300 0.9 0.1 0.025
10 mM 100 1 0 0.036
AMUPol 7 100 0.9 0.1 0.038
T,4K
5 mM 150 1 0 0.008
TEMPOL 3.4 200 1 0 0.009
T,16 K 150 0.9 0.1 0.008
200 0.9 0.1 0.010
40 mv 0 (cw) 1 0 0.016
TEMPOL 3.4 10 1 0 0.016
T,16 K 40 1 0 0.013
100 1 0 0.012
150 1 0 0.012
200 1 0 0.012




0 (cw) 0.9 0.1 0.019
10 0.9 0.1 0.018
40 0.9 0.1 0.016
100 0.9 0.1 0.015
150 0.9 0.1 0.015
200 0.9 0.1 0.015

S5 RELAXATION TIMES AND DNP BuILDUP

T,, and Ty, at 7 T are plotted in Figure S17 and Figure S18, for 7 T and 3.4 T, respectively. The relaxation
times are given in Table S2.
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Figure S17: T,, and Ty, relaxation curves for the 2.5 mM 4AT sample (top row) and the 10 mM AMUPol
(bottom row). The T,, curves are measured at the maximum of the corresponding DNP spectra. The
experiments were performed at 4 K.
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Figure S18: Ty, T4, and Ty, relaxation curves for the 5 mM TEMPOL sample (top row) and the 40 mM
TEMPOL (bottom row). The Tle curve is measured at 94.9 GHz for both samples. The Ty, curve is measured
at 94.783 GHz for the 5 mM sample, and at 94.835 GHz for the 40 mM sample. The experiments were
performed at 16 K.

Table S2: Relaxation times for the electron, Ty, the H nucei, T;,, the DNP buildup, Ty, and the stretched
exponential stretch factor a. The errors represent the 95 % confidence interval, given from the fit.

Sample Tie Tin Tou

Tie (Ms) a T1n (s) a Tie (s) a

25 mM | x X
AAT 7T, 4
K

10 mM | x X 585+ 83 1.01+£0.05 73+7 1.05+£0.08
AMUPol 7
T,4K

5 mM | 3+£0.4 1.07+£0.17 24 0.38+0.08 177 0.55+0.13
TEMPOL
34T,16K

40 mM|2+0.3 1.05+0.17 9+0.9 0.87+£0.09 5+0.7 0.88+0.14
TEMPOL
34T,16K




S6 SE OF A SINGLE ELECTRON BIN

As described in the main text, we expect the SE to decrease as the chirp pulse bandwidth increases. This
can be understood if we consider the enhancement of a single electron bin as a function of the chirp pulse
bandwidth, as shown in simulations in Figure 3 in the main text, and in Figure S19, below. As explained in
the main text, the SE enhancement drops off when the single quantum (SQ) transition of the electron is

saturated. In the absence of spectral diffusion, there is a sharp drop off around Awcpiry = 200 \When

spectral diffusion is active, the SE enhancement starts to decrease at chhirp < an.

-3
Note that in cases where the spectral diffusion is low, A =100 (P‘S ), there is an increase in the

enhancement from a single bin at low chirp pulse bandwidths ( Awpy < 10 MHZ). In these cases, the

irradiation on the double quantum (DQ) or zero quantum (ZQ) transition results in partial saturation of
the SQ transition. This saturation does not occur once the chirp pulse bandwidth increases (
Aw > 10 MHz

chirp ), and the irradiation exactly at the DQ/ZQ is weaker. Nor does it occur once the spectral

-3
diffusion distributes the electron polarization throughout the EPR line (A>100 (us ))
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Figure S19: The SE enhancement of a single electron bin as a function of the chirp pulse bandwidth, for
various electron spectral diffusion values. The simulation parameters match those given in Table Al in the
main text, for the 40 mM TEMPOL sample, at 3.4 T, with spectral diffusion values given in the legend. The
simulations show how the SE enhancement of a single electron spin packet decreases as a function of the
chirp pulse bandwidth.



