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ABSTRACT: Rapid progress has been witnessed in the past
decade in the fields of covalent organic frameworks (COFs)
and dynamic nuclear polarization (DNP). In this contribution,
we bridge these two fields by constructing radical-embedded
COFs as promising DNP agents. Via polarization transfer from
unpaired electrons to nuclei, DNP realizes significant enhance-
ment of NMR signal intensities. One of the crucial issues in
DNP is to screen for suitable radicals to act as efficient
polarizing agents, the basic criteria for which are homogeneous
distribution and fixed orientation of unpaired electrons. We
therefore envisioned that the crystalline and porous structures
of COFs, if evenly embedded with radicals, may work as a new “crystalline sponge” for DNP experiments. As a proof of concept,
we constructed a series of proxyl-radical-embedded COFs (denoted as PR(x)-COFs) and successfully applied them to achieve
substantial DNP enhancement. Benefiting from the bottom-up and multivariate synthetic strategies, proxyl radicals have been
covalently reticulated, homogeneously distributed, and rigidly embedded into the crystalline and mesoporous frameworks with
adjustable concentration (x%). Excellent performance of PR(x)-COFs has been observed for DNP 1H, 13C, and 15N solid-state
NMR enhancements. This contribution not only realizes the direct construction of radical COFs from radical monomers, but
also explores the new application of COFs as DNP polarizing agents. Given that many radical COFs can therefore be rationally
designed and facilely constructed with well-defined composition, distribution, and pore size, we expect that our effort will pave
the way for utilizing radical COFs as standard polarizing agents in DNP NMR experiments.

■ INTRODUCTION

Since the first report in 2005,1 covalent organic frameworks
(COFs)2 have attracted increasing interest from various
research communities. Precise reticulation of organic building
blocks via covalent bonding has rendered COFs with high
crystallinity and uniformed porosity. These structural character-
istics may further endow COFs with advanced functions.
Indeed, potential applications of COFs have been explored in
the areas of gas adsorption/separation, catalysis, optoelectricity,
sensing, and so on.3 It is therefore expected that crystallinity,
porosity, and functionality can be facilely integrated, precisely
adjusted, and further utilized for unique applications. Toward
this goal, we realize herein the application of COFs as efficient
agents for dynamic nuclear polarization (DNP).4

DNP at high magnetic fields5 proved to be a fascinating
technique to overcome the intrinsically low sensitivity of NMR
spectroscopy: polarization transfer from unpaired electrons to
surrounding nuclei can enable enhancement of NMR signal
intensities by 2−3 orders of magnitude.4m One of the most
critical requirements for DNP is to screen suitable polarizing
agents,4l which should possess unpaired electrons and transfer
the polarization efficiently. Several organic radicals (Scheme 1)
have been found effective6 for DNP when physically mixed with
the analyte. However, the aggregation of radicals at cryogenic
temperatures has hindered4g,m the practical applications of
DNP; as a compromise in most cases, glass formers7 (such as
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glycerol or dimethyl sulfoxide) have to be co-added as
indispensable solvents so as to disperse the radicals. A very
recent breakthrough to overcome this bottleneck is the
exploration of solid polarizing agents.8−20 For example, Gajan
et al.13 recently developed inorganic−organic hybrids in which
the TEMPO or bTUrea radicals (Scheme 1) were post-
attached to the surface of mesoporous silica. Being free of glass
formers, these radical-modified hybrid matrixes proved their
efficiency, facility, and recyclability in solid-state DNP NMR
experiments. Inspired by these pioneering works, we envisioned
taking full advantage of the structural uniqueness of COFs and
constructing radical-embedded COFs as new polarizing agents
for DNP.
To design an efficient polarizing agent, homogeneous

distribution of radicals and fixed g-tensor orientation of
unpaired electrons are key to the improvement of the so-called
cross-effect (CE).4f,6e,j We therefore envisioned that crystalline
and porous frameworks such as COFs, if evenly embedded with
radicals, would have the following advantages: (i) The ordered

structure ensures homogeneous distribution of radicals
throughout the network. (ii) The rigid structure helps to fix
the orientation of the embedded radicals. (iii) Being free of
glass formers, the porous structure acts as a “crystalline
sponge” 21 to accommodate the analyte of interest.
Taking all these criteria into account, we achieve herein the

direct construction of radical-containing22 COFs from radical
monomers. As shown in Scheme 2, a series of proxyl radical
(PR) embedded COFs (denoted as PR(x)-COFs) have been
successfully synthesized, in which the proxyl radicals 1 are
homogeneously and rigidly reticulated into the framework via
the bottom-up23 synthetic strategy. In addition, the radical
concentration (x%, from 0 to 100%) in the framework can be
explicitly controlled in the presence of 2 (the reduced form of
1) by the multivariate24 approach. These criteria25 are crucial
for screening the best experimental conditions for DNP
enhancement (the concentration issue, vide inf ra). Indeed,
benefiting from their structural uniqueness, PR(x)-COFs have
shown excellent performance as new DNP agents. Specifically,
the PR(20)-COF reached an enhancement factor εH ≈ 64 at
high magnetic field of 9.4 T. Note that the proxyl radical 1 and
its reduced form 2 are new compounds and can be facilely
synthesized on a large scale via our method (see Supporting
Information (SI) for synthetic details).26 We therefore expect
that radical-containing COFs, such as PR(x)-COFs, may work
as the promising polarizing agents for DNP experiments in the
near future.

■ RESULTS

Designed Synthesis and Structural Characterization.
As briefly mentioned above, the prerequisite for DNP
enhancement is that the radicals should be evenly distributed
with a suitable inter-radical distance.6a,13,27 Too large a distance
will decrease the overall rate of polarization transfer, while too
short a distance (i.e., radical aggregation) will lead to fast
electron relaxation and dramatically lower the polarization
efficiency. This dilemma is solved herein by covalent
reticulation of radicals into the COF frameworks. Via the
multivariate approach shown in Scheme 2, co-condensation of
the proxyl radical 1, its reduced form 2, and 1,3,5-

Scheme 1. Typical Organic (Bi)radicals for DNP NMR
Enhancement6

Scheme 2. Bottom-Up Construction of PR(x)-COFs for DNP NMR Enhancementa

aThe radical concentration in the COF framework can be explicitly controlled via the multivariate approach.
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triformylbenzene via imine-bond formation resulted in a series
of PR(x)-COFs (see SI for details). The radical concentration
in PR(x)-COFs has been finely adjusted by varying the
proportion of proxyl radical 1 to its reduced form 2 from the
beginning. The characterization results confirmed that PR(x)-
COFs are highly crystalline mesoporous materials and the
proxyl radicals are homogeneously distributed within the COF
frameworks.

The crystalline and porous structure of PR(x)-COFs was
verified by powder X-ray diffraction (PXRD) analysis, nitrogen
adsorption−desorption isotherm, and 129Xe NMR spectrosco-
py. PR(x)-COFs with different radical concentrations showed
similar PXRD patterns (Figure S6); the structural simulation
suggested that they possess preferentially the eclipsed π−π
stacking model (Figure 1a). Derived from nitrogen adsorp-
tion−desorption data, large Brunauer−Emmett−Teller (BET)

Figure 1. (a) Experimental PXRD pattern (black), Pawley refined pattern (red), difference plot (purple), and simulated pattern (blue) for the
eclipsed model of PR(100)-COF. Inset: Extended structure of PR(100)-COF. C, gray; N, blue; O, red; H atoms omitted for clarity. (b) N2
adsorption (filled symbols) and desorption (empty symbols) isotherms of PR(100)-COF. Inset: pore-size distribution of PR(100)-COF. (c) 129Xe
NMR spectrum of PR(100)-COF; the pressure of xenon adsorbed in PR(100)-COF was controlled at 4.1 bar.

Figure 2. 13C CP/MAS NMR spectra of PR(x)-COFs. Asterisks denote the spinning sidebands. Assignments of 13C chemical shifts of PR(x)-COFs
are indicated in the chemical structure. Note that the 13C NMR signals in the radical region (146, 134, 76, 68, and 31 ppm in Figure S41) are absent.
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surface areas of 1179−1742 m2 g−1 and pore volumes of 0.74−
2.0 cm3 g−1 were calculated for PR(x)-COFs (Table S2).
Moreover, the pore-size distribution of PR(x)-COFs is
centered at 2.5 nm, which agrees with the theoretical data
(2.9 nm) of the pore diameter in the proposed stacking model
(Figure 1b). 129Xe NMR spectrum for 129Xe atoms adsorbed
into PR(100)-COF showed only one signal which has the
narrow full width at half-maximum of 975 Hz (Figure 1c).
These data indicate that the synthesized PR(x)-COFs are
highly crystalline materials with uniform pores. Importantly, the
pore size of PR(x)-COFs falls into the mesoporous region,
which is large enough to accommodate common analytes.
The covalent connection at atomic level in PR(x)-COFs was

further elucidated by FT-IR and solid-state NMR spectroscopy.
The FT-IR spectra of PR(x)-COFs showed the same −CN−
stretch at 1626 cm−1 (Figure S3), indicating the successful
formation of imine bonds. In addition, the vibration at 1355
cm−1 represents the typical stretching of nitroxyl radicals.
Figure 2 shows the 13C cross-polarization magic-angle spinning
(CP/MAS) NMR spectra of PR(x)-COFs (x = 0, 10, 50, 100;
more spectra shown in Figure S40). It is worth mentioning
that, due to the paramagnetic broadening, radical-containing
polymers could hardly be characterized by solid-state NMR
spectroscopy.28 Only very few successful examples16,28 have
been reported in the literature, and the signals were too broad
for unambiguous assignments. Herein, the NMR signals are
very narrow and, can be assigned explicitly upon the
comparison of NMR data for samples with varied radical
concentrations. For example, the signal at 158 ppm is
characteristic for the carbon atoms of imine bonds. Meanwhile,
the signal at 137 ppm should be assigned to the carbon atoms
originating from 1,3,5-triformylbenzene, while the signals at
150, 131, and 116 ppm represent the aromatic carbon atoms
from monomers 1 and 2. Note that carbon atoms adjacent to
NO• radicals are subject to paramagnetic bleaching and
therefore, the signals at 148, 140, 129, 124, 62, and 31 ppm
should be assigned to the carbon atoms originating from the
neutral monomer 2. In addition, the successful embedding of
proxyl radicals was verified by magnetic measurements via
superconducting quantum interference device (SQUID): the
results from the M−H (Figure S59) and χm−T plots (Figure
S60) illustrated the paramagnetic behavior29 of PR(100)-COF.
The homogeneous distribution of radicals in PR(x)-COFs

has been verified by EPR spectroscopic analysis. Figure 3
presents typical EPR spectra of PR(x)-COFs recorded at room
temperature (more EPR spectra shown in Figure S42). The
EPR spectra of PR(x)-COFs with higher radical concentration
(x = 50 and 100) possess a single line with a Lorentzian line
shape due to large spin-exchange interaction,30 while those with
lower radical concentration (x = 2−35) possess three lines due
to strong hyperfine interaction31 with 14N nuclei. The
observation of hyperfine splitting in the EPR spectra implies
that radicals are largely separated and evenly distributed in
PR(x)-COFs. Moreover, the radical concentration in each
sample was derived from the comparison of the double integral
of the EPR signal to that of monomer 1. Note that the radical
concentration (Crad, from 0.02 to 1.80 mmol g−1) calculated via
this method showed linear correlation with the ingredient
proportion (x%, from 2 to 100%) of the radical monomer 1
(Figure S44). This linear correlation also implies the
homogeneous reticulation of radicals into the crystalline
framework. The overwhelming evidence for the homogeneous
distribution of radicals was obtained from the EPR spectra

acquired at 110 K for PR(x)-COF (x = 2−35) samples
impregnated with CHCl3 (Figure S45).32 The central line
widths, which were least affected by the g-tensor and hyperfine
anisotropies, ranged from 10.7 to 13.2 G (Table S3). Note that
these line widths are narrower than those of other nitroxide
radical materials13−16,18 reported, which normally ranged from
12 to 20 G.

PR(x)-COFs for DNP Enhancement. With a series of
radical embedded PR(x)-COFs in hand, we set out to screen
the best candidate for DNP enhancement. Accordingly, DNP
experiments of PR(x)-COFs impregnated with H2O were
performed at 9.4 T and ∼100 K and the original spectra have
been shown in Figures S65−S76. DNP enhancement was
observed for all the measured samples. In the presence of
PR(20)-COF, an optimal 1H DNP enhancement (εH) of ∼64
for the protons from H2O and 13C CP DNP enhancement
(εC CP) of ∼39 for the framework carbons were observed
(Figure 4). Meanwhile, we found that DNP enhancement
increases upon increasing radical concentration from 0.06 to
0.43 mmol g−1 (x = 6−20), which comes from the increased
overall rate of electron-to-nucleus polarization transfer.
However, with radical concentration increased further from
0.43 to 0.61 mmol g−1 (x = 20−35), the DNP enhancement
decreases most likely due to faster electron spin cross-relaxation
via stronger inter-radical interactions.27,33 Similar trends were
also observed in other systems by Gajan et al.13 and Besson et
al.16

Figure 3. CW X band (9.5 GHz) EPR spectra of PR(x)-COFs
recorded at 293 K in the solid state. Intensity was corrected for
different receiver gain value and power attenuation. Upon the
comparison of the double integral of the EPR signal to that of
monomer 1, the derived radical concentration (Crad, from 0.02 to 1.80
mmol g−1) has been listed on the top right corner in each case. The
Crad value showed a linear correlation with the ingredient proportion
(x%, from 2 to 100%) of the radical monomer 1 (Figure S44).
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Figure 5a shows the DNP 13C CP/MAS NMR spectrum of
PR(10)-COF impregnated with H2O with the microwave field
on and off, respectively. The spectrum could be recorded with
only 16 scans (acquired in 0.04 h) with microwave on. For
comparison, with the microwave field off, the corresponding
spectrum has to be recorded with 8000 scans (acquired in 3.4
h) to reach reasonable signal-to-noise ratios (see Figure 2).
Encouraged by these results, we further collected the 15N CP/
MAS NMR spectrum of PR(x)-COF under DNP conditions.
This spectrum could not be acquired without DNP. Figure 5b
shows the DNP 15N CP/MAS NMR spectrum of PR(10)-COF
recorded with 1024 scans only (acquired in 1.1 h). The peaks at
91, 104, and 315 ppm were assigned to the nitrogen atoms of
−N−H, −NH2 (terminal), and −NC− bonds, respectively.
Again, these results indicate that PR(x)-COF is indeed an
efficient DNP polarizing agent.
Finally, the efficiency of PR(x)-COFs for polarizing guest

molecules was tested by using [2,3-13C]-L-alanine as an analyte.

DNP 13C CP/MAS NMR experiment of PR(15)-COF
impregnated with 0.1 M H2O solution of [2,3-13C]-L-alanine
was performed at 9.4 T and ∼100 K. Figure 6a shows that the
13C resonance of [2,3-13C]-L-alanine can be effectively
enhanced by DNP and a 13C CP DNP enhancement factor
of ∼44 is obtained. The signals at 52 and 18 ppm are due to the
labeled carbon atoms originating from [2,3-13C]-L-alanine.34

This result indicate that, being absorbed in the pores of PR(x)-
COFs, the guest molecules, such as [2,3-13C]-L-alanine can be
efficiently polarized by the radicals embedded on the pore walls
through proton spin diffusion35 via H2O. In addition, in order
to check whether PR(x)-COFs are efficient polarizing agents at
even higher magnetic field, DNP 13C CP/MAS NMR
experiment of the same PR(15)-COF was also conducted at
14.1 T and ∼105 K. Strikingly, a 13C CP DNP enhancement
(εC CP) of ∼32 was given for the carbons from [2,3-13C]-L-
alanine (Figure 6b). Note that in most of the reported cases,

Figure 4. DNP 1H NMR enhancement (εH, left) and
13C CP NMR enhancement (εC CP, right) as a function of the radical concentration (Crad) for

PR(x)-COFs. DNP 1H MAS NMR spectra and 13C CP/MAS NMR spectra of PR(x)-COFs impregnated with H2O were recorded at 9.4 T and
∼100 K with the microwave field on and off, respectively. The original spectra have been shown in Figures S65−S76.

Figure 5. (a) DNP 13C CP/MAS NMR spectrum of PR(10)-COF impregnated with H2O recorded at 9.4 T and ∼100 K with the microwave (MW)
field on and off, respectively. (b) DNP 15N CP/MAS NMR spectrum of PR(10)-COF impregnated with H2O recorded at 9.4 T and ∼100 K with
the MW field on. Note that this spectrum could not be acquired without DNP. Asterisks denote the spinning sidebands (spinning rate of 8.0 kHz) in
each spectrum.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b02839
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b02839/suppl_file/ja8b02839_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b02839


however, the DNP efficiency dropped6f,i significantly at higher
magnetic fields such as at 14.1 T.

■ DISCUSSION
The key to exploring advanced applications of new materials is
how to utilize their structural uniqueness. This criterion has
been exemplified in this contribution by the homogeneous
reticulation of radicals into COF structures for DNP enhance-
ment. For this purpose, a series of radical-embedded COFs
have been bottom-up synthesized.22 Meeting the demands for
an ideal DNP agent, the synthesized COFs, PR(x)-COFs,
should have the following structural characteristics: (i) The
proxyl radicals are covalently reticulated, homogeneously
distributed, and rigidly embedded into the highly ordered
crystalline framework. Radical aggregation caused by solvent
(such as water) crystallization at cryogenic temperatures is
therefore avoided, which is crucial36 for efficient polarization
transfer in DNP. (ii) Benefiting from the multivariate approach
shown in Scheme 2, a series of PR(x)-COFs can be facilely
synthesized with varied radical concentration (x%). This
provides an important tool for screening for optimally efficient
DNP agents: it has well been acknowledged that the DNP
efficiency is indeed sensitive13,33,37 to the concentration of
radicals. (iii) PR(x)-COFs possess well-defined mesopores with
the diameter of ca. 2.5 nm which not only act as ideal hosts21

for analytes but also facilitate15 the transfer of polarization via
spin diffusion.
All these structural features have rendered PR(x)-COFs new

and promising polarizing matrixes in DNP applications. (i) The
EPR data not only verified the homogeneous distribution of
proxyl radicals in PR(x)-COFs, but also gave narrow line
widths ranging from 10.7 to 13.2 G. These properties have
proven important for an efficient DNP agent. (ii) DNP 1H
enhancement was observed at 9.4 T and ∼100 K for PR(x)-

COFs impregnated with H2O. An optimal 1H DNP enhance-
ment (εH) of ∼64 for the protons from H2O was obtained with
PR(20)-COF. We therefore conclude that polarization can be
efficiently transferred within the straight channels from the
unpaired electrons of PR(x)-COFs to the hydrogen nuclei of
water. (iii) Both 13C and 15N CP DNP enhancements of
PR(x)-COFs were observed at 9.4 T and ∼100 K. An optimal
13C CP DNP enhancement (εC CP) of ∼39 was observed for the
framework carbons of PR(20)-COF. Notably, as shown in
Figure 5b, the 15N CP/MAS NMR spectra could not be
acquired without DNP. These results indicate that the
polarization can be further transferred from 1H nuclei to the
carbon or nitrogen nuclei within PR(x)-COFs frameworks. (iv)
The ability of PR(x)-COFs to polarize different guest
molecules was demonstrated. With [2,3-13C]-L-alanine as the
analyte, the 13C CP DNP enhancement (εC CP) of ∼44 was
observed at 9.4 T and of ∼32 was observed at 14.1 T.
The advantages of using radical-containing COFs for DNP

enhancement are evident. Given that many strategies have been
established in recent years for the covalent construction of
COFs, a diverse range of radical-containing COFs can be
rationally designed and facilely synthesized with well-defined
composition, distribution, and pore size. With the availability of
these crystalline porous structures, further investigation on the
structure−performance relationship is possible, the information
from which will certainly shed new light in DNP research. In
addition, being structurally robust and totally insoluble in
solvents, radical-containing COFs can be easily recycled for
repeated use by removal of the analytes. Therefore, these
radical-containing COFs should also be intrinsically suitable for
dissolution DNP14,20,38 measurements; a solution of analytes
can be readily separated from the polarizing agent immediately
after polarization.

■ CONCLUSION
With its ability to dramatically improve the sensitivity of NMR
spectroscopy, dynamic nuclear polarization has evolved in
recent years into a broadly useful and fascinating technique. By
taking advantage of the structural uniqueness of COFs, we
explore herein a new application for these agile materials: as
efficient DNP agents. For this purpose, a series of proxyl-
radical-embedded COFs, PR(x)-COFs, have been bottom-up
constructed with highly ordered crystalline structures and large
BET surface areas. The covalent reticulation, homogeneous
distribution, and rigid fixation of proxyl radicals with controlled
concentrations are all advantageous for DNP enhancement.
Indeed, DNP 1H, 13C CP, and 15N CP DNP enhancements of
PR(x)-COFs were successfully observed at 9.4 T and even at a
higher magnetic field of 14.1 T. Given that radical-containing
COFs can be facilely and diversely synthesized as two- or three-
dimensional crystalline structures, as well as easily scaled-up, we
expect that our contribution will boost the unique application
of crystalline COFs as glass-former-free agents for DNP
experiments.
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R.; Schwarzwal̈der, M.; Lesage, A.; Copeŕet, C.; Bodenhausen, G.;
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