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Abstract: Quantum computing and quantum information
processing (QC/QIP) crucially depend on the availability of
suitable quantum bits (qubits) and methods of their manipu-
lation. Most qubit candidates known to date are not applicable
at ambient conditions. Herein, we propose radical-grafted
mesoporous silica as a versatile and prospective nanoplatform
for spin-based QC/QIP. Extremely stable Blatter-type organic
radicals are used, whose electron spin decoherence time is
profoundly long even at room temperature (up to Tm� 2.3 ms),
thus allowing efficient spin manipulation by microwave pulses.
The mesoporous structure of such composites is nuclear-spin
free and provides additional opportunities of embedding guest
molecules into the channels. Robustness and tunability of these
materials promotes them as highly promising nanoplatforms
for future QC/QIP developments.

Quantum technologies, including quantum computing (QC)
and quantum information processing (QIP), are among the
major hot topics of modern science, potentially leading
humankind to a new technological revolution.[1–7] The imple-
mentations of QC/QIP protocols crucially depend on the
availability and properties of individual quantum bits
(qubits), and their development was an immense challenge
for scientists over the past decade. Different types of qubits
have been considered,[8–12] and spin-based ones have been
intensively addressed as a promising route.[13–32] They were
mainly represented by paramagnetic centers in silicon,[5,29]

nitrogen vacancy (NV) and other centers in diamond,[26,27]

SiC,[28] quantum dots,[30] semiconductors,[31, 32] fullerenes,[15]

paramagnetic metal complexes,[16–23, 33] etc. However, each of
these solutions has one or more drawbacks requiring further
developments. For example, the paramagnetic metal com-
plexes are versatile building blocks and allow construction of
useful “spin architectures”, for example, metal–organic
frameworks (MOFs).[33] They can be very robust for applica-
tions; however, their electron spin decoherence time (or
phase memory time, Tm) at room temperature is not optimal.
In the record-setting vanadyl porphyrins it reaches Tm

� 1 ms,[18–20] whereas longer Tm might be required for extensive
QC/QIP protocols. The NV-centers in diamonds and para-
magnetic centers in silicon manifest significantly higher Tm up
to approximately 1 ms,[34, 35] and they are very robust, but at
the same they time lack tunability and control over their
spatial arrangement at the nanoscale.[36]

Stable organic radicals and biradicals were also actively
considered as promising qubit candidates for spin manipu-
lation.[37, 38] The weakness of this approach relates to still
rather short relaxation times in the solid state at room
temperature (typically Tm< 1 ms for nitroxides[39,40]) and
insufficient stability for industrial applications. However,
adjusting the structure of the radical moiety might remedy
some of these problems; e.g., triarylmethyl (TAM) radicals
feature Tm up to 2.2 ms in room-temperature solids.[41] Some
organic radicals, similar to the metal complexes, can be
assembled into functional architectures such as MOFs.[42]

Therefore, pursuing the “radical approach” to spin qubits is
quite promising.[43,44] Similar to other qubit candidates, it
requires optimization of stability, increase of Tm, and
development of strategies for mutual arrangement of the
qubits.

Herein, we propose a new agenda to progress along the
above-mentioned guidelines for developing room-temper-
ature qubit systems. First of all, Blatter-type radicals are
selected as spin-carrying blocks, whose tremendous stability
over months to years at ambient conditions is well known,[45]

but has not been thoroughly taken into account for the needs
of QC/QIP up to date. Second, we efficiently embedded these
radicals into well-defined mesoporous silica frameworks at
suitable concentrations for spin manipulations. Such frame-
works have drawn a lot of attention recently and were
extensively used in various applications.[46–53] Finally, the
room-temperature Tm values obtained using pulse electron
paramagnetic resonance (EPR) were found > 2 times higher
than those achieved in metal complexes; they provided
a sufficient time window to detect Rabi oscillations and thus
perform quantum operations on electron spin. Below we

[*] A. S. Poryvaev,[+] D. M. Polyukhov, Prof. M. V. Fedin
International Tomography Center SB RAS
Novosibirsk, 630090 (Russia)
E-mail: mfedin@tomo.nsc.ru

E. Gjuzi,[+] Dr. F. Hoffmann, Prof. M. Frçba
Institute of Inorganic and Applied Chemistry
University of Hamburg
Martin-Luther-King-Platz 6, 20146 Hamburg (Germany)
E-mail: froeba@chemie.uni-hamburg.de

A. S. Poryvaev,[+] Prof. M. V. Fedin
Novosibirsk State University
Novosibirsk, 630090 (Russia)

[+] These authors contributed equally to this work.

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202015058.

� 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Angewandte
ChemieCommunications

How to cite: Angew. Chem. Int. Ed. 2021, 60, 8683–8688
International Edition: doi.org/10.1002/anie.202015058
German Edition: doi.org/10.1002/ange.202015058

8683Angew. Chem. Int. Ed. 2021, 60, 8683 –8688 � 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0001-6927-0509
http://orcid.org/0000-0001-6927-0509
https://doi.org/10.1002/anie.202015058
http://dx.doi.org/10.1002/anie.202015058
http://dx.doi.org/10.1002/ange.202015058


discuss this study in detail and outline additional benefits of
incorporating spin blocks into mesoporous silica frameworks.

As mesoporous silica host material we used SBA-15
(Santa Barbara Amorphous-type material) samples with
a two-dimensional hexagonal pore system and cylindrical
pores with diameters of 9.1 nm. As a source of paramagnetic
spin centers the Blatter-type bis(triethoxysilylvinyl)triazinyl
radical (BTEV-BTR) precursor was used. After drying both
powders for 18 hours in high vacuum, anhydrous toluene was
added to SBA-15 with 20, 10, 5, 1, or 0% (reference) loading
of the BTEV-BTR precursor (w/w, BTEV-BTR/SBA-15).
First, the suspension was stirred for two hours at room
temperature to ensure an even distribution of the precursor in
the pores of the SBA-15 phase, followed by a heat treatment
under reflux for 24 hours initiating the actual grafting
procedure which leads to an immobilization of the radical
moiety inside the pores of SBA-15 via condensation reaction
(Figure 1); details are given in the Supporting Information
(SI). Continuous-wave (CW) and pulse EPR measurements
were performed using a commercial Bruker Elexsys E580 X/
Q-band EPR spectrometer (see SI for details); simulations
used EasySpin toolbox for Matlab.[54] If not mentioned
otherwise, the samples were evacuated and sealed off in
quartz sample tubes.

The amount of grafted radicals present in the product,
quantified by thermogravimetric analysis (TGA) and
CW EPR, was lower by a factor of 2–5 than the original
load (see SI), but still very suitable for our study in all cases.
Besides incomplete attachment, the deviations are due to
mass losses caused by ethanol cleavage during condensation
of the radical precursor to the silica matrix. Below we refer to
original loadings for simplicity and label the compounds as
R20, R10, R5, R1, and R0, respectively.

Figure 2a shows the room-temperature CW EPR spec-
trum of the radical precursor dissolved in ethyl acetate, which
can be sufficiently well simulated accounting for three 14N
nuclei with isotropic hyperfine interaction (HFI) constants
Aiso,1 = 0.75 mT, Aiso,2 = Aiso,3 = 0.49 mT. Such values agree
well with the large amount of studies on various Blatter-

type radicals in solution.[45, 55–57] However, anisotropic values
of 14 N HFI constants for Blatter�s radicals, which are needed
for solid-state studies, have not been yet reported to the best
of our knowledge. Figure 2b shows the X-band (9 GHz) free
induction decay (FID)-detected EPR spectrum of a similar
radical (used in our previous work,[42] see SI for details)
recorded in frozen toluene glass (80 K). Simulations allow
obtaining the corresponding HFI tensors A1 = [0.03 0.22
1.80] mT, A2 = A3 = [0.01 0.01 1.38] mT and the g-tensor g =

[2.0043 2.0035 2.0015] (see Q-band data in SI). Minor
imperfections of the fitting are due to the presence of many
unresolved proton HFIs,[59] which cannot be taken into
account rigorously in simulations.

Figure 2c shows a series of FID-detected EPR spectra of
R20–R1 obtained at room temperature (Figure S27 shows the
corresponding CW EPR spectra), which are all similar to the
low-temperature spectrum of the dissolved radical (Fig-
ure 2b).

In order to evaluate the suitability of R1–R20 as room-
temperature qubits, their transverse and longitudinal electron
spin relaxation times (Tm and T1, respectively) were first
measured at 298 K in the global maximum of the spectrum,
see Table 1. The joint trend of decreasing T1 and Tm with an
increase of radical concentration is observed, meaning that
spin–spin interactions between radicals play a profound role
in the overall relaxation. The trend is approximately linear for

Figure 1. Schematic illustration of the grafting procedure leading to
immobilized BTR radicals inside the pores of the SBA-15 host phase.

Figure 2. a) Experimental (blue) and simulated (red) CW EPR spectra
of radical precursor (room temperature, ethyl acetate, see text for
parameters). b) Experimental (blue) and simulated (red) FID-detected
EPR spectra of radical in frozen toluene glass (80 K, see text for
parameters). c) Experimental FID-detected EPR spectra of R20–R1

(indicated) at room temperature. All data were collected at X-band
(9 GHz).
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both T1 and Tm, without any signs of approaching a plateau;
therefore, relaxation can be further prolonged by using yet
smaller radical loadings. However, even in the current
settings, the room-temperature Tm = 2.30� 0.01 ms obtained
for R1 is the record-setting one, being significantly longer than
that of the vanadyl qubits (Tm� 1 ms[18, 19]), and even slightly
exceeding that for the TAM radical in glassy trehalose (Tm =

2.2 ms[41]).
Figure 3 shows the temperature dependence of represen-

tative Tm and T1 for the most concentrated (R20) and least
concentrated (R1) samples in the series. Both relaxations for
R20 show weak temperature dependence, implying that the
concentration-induced contribution is the decisive one. In
case of R1 a noticeable enhancement of T1 is observed at low
temperatures, whereas Tm is only moderately increased.
Therefore, compared to other qubits, for example, vanadyl-
based ones, the advantage of Blatter-radical-grafted SBA
materials is manifested at ambient temperatures, which are
most relevant for prospective applications.

The shape of the EPR spectrum is quite complex, owing to
the presence of three appreciable 14N HFI constants and
many smaller (unresolved) proton ones. In case of vanadyl
qubits the superior Tm values were obtained at the shoulder of
the EPR spectrum (not at its global maximum); therefore,
a trade-off between the signal intensity and higher Tm values
had to be pursued. This motivated us to investigate the Tm

across the EPR spectrum in R1–R20 materials as well.
Figure 4a presents Tm vs. magnetic field, and Figure 4b

shows the 3D plot of the echo signal intensity vs. time and
vs. magnetic field for R5 (representative). Evidently, the
longest echo decay Tm is observed at the global maximum.
Therefore, in case of Blatter-radical-decorated SBA materials
the signal intensity does not need to be sacrificed for the sake
of longer Tm, and performing quantum operations at global
maximum is the optimum choice.

The porous structure of radical-decorated SBA materials
provides additional ways to modify their functionalities and
combine them with the qubit functions by embedding guest
molecules and exploiting host–guest interactions and molec-
ular sieving properties. To avoid shortening of the relaxation
times, nuclear spin-free guests are preferred, because filling of
the channels with, for example, proton-carrying molecules
would expectedly lead to the shortening of the relaxation due
to the nuclear spin diffusion. Table S5 shows how the Tm value
changes when the channels are filled with guest molecules
such as o-terphenyl or sulfur. We envision that carrying out
the target reactions (e.g. complexation) with radicals would
not lead to profound nuclear spin diffusion and can be
considered as a future route for creating more complex
structures based on the grafted radicals.

Finally, we demonstrate that quantum operations at room
temperature can successfully be performed using a simplest
nutation (Rabi oscillation) experiment.[13] In this experiment
electron magnetization is flipped by a single microwave (mw)

Table 1: Room-temperature relaxation times for R1–R20. The accuracy is
0.5 ms for T1 and 0.01 ms for Tm.

Radical [%] T1 [ms] Tm [ms]

1 36 2.30
5 29 1.73

10 26 1.43
20 20 0.98

Figure 3. Relaxation times Tm and T1 vs. temperature measured for R20

and R1. The lines guide the eye. See Table S4 for the tabulated values
of relaxation times.

Figure 4. Relaxation measurements for representative R5 at room
temperature. a) Magnetic field dependence of Tm (blue circles, left
axis) overlaid with the corresponding echo-detected EPR spectrum
(black). The accuracy of Tm is 0.01 ms. b) Two-pulse echo intensity
(given by color map) plotted vs. magnetic field and interpulse delay t.
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pulse of variable length tp, which is then detected in our case
by the FID integral (see SI for details). Strictly speaking, spin
states of 14N nuclei are also involved; in the future they can
either be used within such electron–nuclear qudits, or can be
neglected if electron–electron couplings between neighboring
qubits are targeted for entanglement. Figure 5a shows that
many oscillations (nutations) of electron magnetization can
be obtained, where each full period corresponds to the
complete turnover of magnetization by 3608. The experiments
at several values of microwave power attenuation show that
the frequency of oscillations (see Fourier-transform in Fig-
ure 5b) is linearly dependent on the magnitude of the
mw field (Figure 5c), thus confirming the feasibility of spin
manipulation.

In summary, we have proposed Blatter-radical-grafted
mesoporous silica materials (exemplified with SBA-15) as
prospective platforms for the realization of spin qubits. There
are several crucial advantages of this new strategy, namely:
(i) The observed electron spin decoherence (phase

memory) time Tm is sufficiently long to provide a time
window for quantum operations at ambient conditions
(room temperature). Tm = 2.3 ms was obtained for the
most dilute sample, and the trend in the series assumes
possibilities for a further increase of Tm; however,
a reasonable compromise between signal intensity and
the Tm value should be considered. The value Tm = 2.3 ms
is more than two times higher compared to vanadyl
qubits and is slightly higher compared to slow-relaxing
radicals like TAM. The profoundly long Tm is ascribed to
the nature of the Blatter radical and, more important,
nuclear spin-free composition of SBA-15 material. The

only magnetic nuclei around the electron spin are the
radical�s own protons and nitrogen atoms, and the
protons can be replaced by deuterons[58] to enhance Tm

further. Some narrowing of the spectrum, if needed, can
be achieved by using 15N-labeled radicals.

(ii) The Blatter-type radicals are known to be extremely
stable,[45] which is favorable for potential QC/QIP
implementations at ambient conditions and was not
carefully attended before. We assume that a mesoporous
silica host might act as additional protector and stabilizer
of these radicals against reducing agents and aggressive
surroundings.

(iii) The mesoporous structure of the studied organosilica
phases opens up new possibilities to influence electron
spins by embedding guest molecules into the channels
and, more intriguing, designing new spin structures by
means of added guest molecules.

Apart from the long electron decoherence time and spin
manipulation by mw pulses, the development of room-tem-
perature qubits requires scalability, initialization, and indi-
vidual addressing. Synthetic strategies for entanglement of
neighboring qubits via loading of prearranged structures or
creating arrays of attached radicals with controlled separation
still need to be developed; however, some promising routes
for organosilica have been already reported.[59,60] Both
initialization and individual addressing can potentially be
performed by a transfer of spin hyperpolarization from
photoexcited triplet molecules (e.g. porphyrins or fullerenes,
either guests in the channels or covalently linked to the
radical). Of course, the real potential of these strategies was
not yet explored in the present work and might be a fruitful
topic for future investigations.

Overall, the present study offers an outlook on many
promising directions for the realization of qubits for QC/QIP
on the basis of multifunctional, robust, and tuneable Blatter-
radical-grafted mesoporous silica.
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Figure 5. Representative quantum manipulation experiment on R5 at
room temperature. a) Top: pulse sequence used (details in SI). Rabi
oscillations measured at five values of mw power P (expressed by
attenuation in dB units). The mw field B1 is proportional to the

ffiffiffi

P
p

.
b) Fourier-transform spectra of data shown in (a); nH-peak arises due
to weak electron–nuclear interactions (ESEEM) with the own protons
of the radical and vanishes at smaller P values (i.e. higher dB). c) Rabi
frequency f vs. normalized amplitude of B1 field.
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