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Theoretical investigation of low detection
sensitivity for underivatized carbohydrates in
ESI and MALDI

Jien-Lian Chen,? Chuping Lee,*® I-Chung Lu,? Chia-Lung Chien,?
Yuan-Tseh Lee,*® Wei-Ping Hu® and Chi-Kung Ni*%*

Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) mainly generate protonated ions from
peptides and proteins but sodiated (or potassiated) ions from carbohydrates. The ion intensities of sodiated (or potassiated)
carbohydrates generated by ESI and MALDI are generally lower than those of protonated peptides and proteins. Ab initio
calculations and transition state theory were used to investigate the reasons for the low detection sensitivity for underivatized
carbohydrates. We used glucose and cellobiose as examples and showed that the low detection sensitivity is partly attributable
to the following factors. First, glucose exhibits a low proton affinity. Most protons generated by ESI or MALDI attach to water
clusters and matrix molecules. Second, protonated glucose and cellobiose can easily undergo dehydration reactions. Third, the
sodiation affinities of glucose and cellobiose are small. Some sodiated glucose and cellobiose dissociate into the sodium cations
and neutral carbohydrates during ESI or MALDI process. The increase of detection sensitivity of carbohydrates in mass spectrom-

etry by various methods can be rationalized according to these factors. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

In the study of mass spectra of biomolecules by using electrospray
ionization (ESI) and matrix-assisted laser desorption/ionization
(MALDI), carbohydrates are significantly different from peptides
and proteins. ESI and MALDI mainly generate protonated ions from
peptides and proteins, although sodiated (or potassiated) peptides
and proteins are occasionally generated."? By contrast, ESI and
MALDI mainly generate sodiated (or potassiated) carbohydrates.
For large carbohydrates, protonated carbohydrates are sometimes
observed in ESl, but the intensity is low.>* The ion intensities of
sodiated and potassiated carbohydrates in ESI and MALDI are gen-
erally much lower than those of protonated peptides and proteins.
The low ion intensity limits the applications of mass spectra to
carbohydrate analysis.

Both the ion intensities obtained using ESI and MALDI are related
to ion generation and release of ions from a solution or solid surface
into the gas phase. Methylated carbohydrates are frequently used in
mass spectrometry because of higher ionization efficiency than that
of underivatized carbohydrates™>~® and the applications in structure
determination.””’ However, mass analysis of underivatized carbohy-
drates remains intensive investigation because of simple sample
preparation."®"¥ It is worth investigating the properties which limits
the ionization efficiency of underivatized carbohydrates. In this study,
we focused on the stability of underivatized carbohydrate cations
after the cations were generated. Glucose and cellobiose were
studied as model molecules. We used the ab initio calculations and
transition state theory (TST) to investigate the factors of low
detection sensitivity for glucose and cellobiose in ESI and MALDI.

Computational method

Geometries and relative energies of reactants, transition states and
dissociation products were calculated using ab initio method. The
molecular geometry and harmonic vibrational frequencies of the
stationary points were calculated using B3LYP with the 6-311+G
(d,p) basis set. Single-point energies at the stationary points were
calculated using the multilevel electronic structure method
MCG3-MPWB™, in which the geometries are calculated using
B3LYP with the 6-311+G(d,p) basis set. Thermal rate constants
were calculated as a function of the temperature by using the
conventional TST, except for the proton migration reaction.
Because of the strong tunneling effect in the proton migration reac-
tion, the rate constants of the proton migration reaction were calcu-
lated according to canonical variational theory with small-curvature
tunneling approximation.">'® Electronic structure calculations
were performed using the Gaussian 09 programs''”), and thermal
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rate constant calculations were performed using the Gaussrate 8.2
program™®, which is an interface between the Gaussian 09 and
POLYRATE 8.2 programs.

Results and discussion
Glucose
Protonated glucose

The calculated proton affinity of a-glucose (a-D-glucopyranose in
chair form) ranges from 187 to 202 kcal/mol, depending on the po-
sition of the attached proton. The geometries and relative energies
of various protonated a-glucose isomers are shown in Fig. 1. The
calculated proton affinities of glucose are similar to those
reported in previous studies (198 kcal/mol).."®! Similar results were
found for protonated B-glucose. Details are shown in Fig. ST of
Supporting Information. The barrier heights for isomerization from
alpha form through open keto form to beta form are very low
(12.6 kcal/mol), indicating the easy exchange between protonated
glucose of alpha form and beta form. Details are shown in Fig. S2
of Supporting Information. The proton affinity of glucose is lower
than that of most matrices used in MALDI, as listed in Table | of
Supporting Information, except for a-cyano-4-hydroxycinnamic
acid.?*2" In particular, the proton affinity of glucose is lower
than that of 2,5-dihydroxybenzoic acid (2,5-DHB) and 2,4,6-
trihydroxyacetophenone, which are commonly used matrices
for underivatized carbohydrates in MALDI.>*22

The proton affinity of water is lower than that of glucose.”>! Only
the proton affinity of large water clusters (H,O),(n > 3) is higher
than that of glucose”! We also calculated the geometries of
protonated glucose-water clusters. The results indicate that the
protons are attached to glucose when the number of water
molecules is zero or one. However, the protons move toward water
molecules when the number of water molecules increases (n =2, 3).
When the number of water molecules is 4, the protons are
completely surrounded by water molecules. The trend indicates
that the protons are enclosed by water molecules in the condensed

phase and large glucose-water clusters. Details of calculation
methods are shown in Supporting Information, and the geometries
of protonated glucose-water clusters are shown in Fig. S4 of
Supporting Information.

Decomposition of protonated glucose

After a proton attaches to glucose, it can migrate in glucose.
Protonated glucose is converted from one isomer to other isomers
because of the low barrier heights of proton migration. The proton
migration barrier heights of protonated a-glucose (without water
molecules) are shown in Fig. 1. The transition state geometries of
isomerization are shown in Fig. S3(a) of Supporting Information.
Protonated glucose can easily be decomposed through the
dehydration reaction, as shown by the low dissociation barriers in
Fig. 1. The geometries of transition states and products are shown
in Fig. S3(a) of Supporting Information. Among various protonated
a-glucose isomers, a-PG1 has the lowest dissociation barrier. A sim-
ilar low barrier height of the dehydration reaction for protonated
glucose was reported.? Similar energy diagram but the barriers lit-
tle higher than that of a-glucose was found for protonated -
glucose, as shown in Fig. ST and S3(b) of Supporting Information.
The temperature-dependent rate constants of proton migrations
and dehydration reactions of protonated glucose (without water
molecules) were calculated using TST. The rate constants are listed
in Table Il of Supporting Information for the temperatures 300, 450,
600 and 1000K. These temperatures correspond to the typical
temperatures in ESI (300-650K)*! and MALDI (800-1500 K).1®!
Calculations showed that the proton migration rate constants are
higher than the dehydration reaction rate constants for most
protonated glucose isomers, except for a-PG1. The results suggest
that protonated glucose can easily be exchanged between these
isomers before the dehydration reaction. However, the dehydration
reaction rate constants of a-PG1 are large. These rate constants are
higher than those of isomerization from a-PG1 to a-PG6 or from
0-PG1 to a-PG2. After protonated glucose is isomerized to o-PG1,
most of a-PG1 dissociates into fragments through the dehydration
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Figure 1. Geometries and relative energies (in kcal/mol) of protonated glucose (a-D-glucopyranose in chair form) and barrier heights of proton migration
(red dashed line) and dehydration reactions (green dashed line). The geometries of transition states and products are shown in Supporting Information.
Similar barrier heights of isomerization and dehydration for -glucose were found; details are shown in Supporting Information.
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reaction. The population decay of a-PG1 resulting from the dehy-
dration reaction can easily be compensated by the population
transfer from the other isomers. Similar trend but smaller dissocia-
tion rates were found for B-glucose. According to our calculations,
50% population decay of protonated a-glucose (B-glucose) takes
Tus (20ms), 15ns (2us), 1ns (15ns) and 20ps (20ps) at the
temperatures 300, 450, 600 and 1000 K, respectively. Details of the
calculations are shown in Supporting Information.

The proton affinity of the product of the dehydration reaction,
CgH,,03, is 198 kcal/mol, which is lower than that of glucose, most
matrices used in MALDI and water clusters. A part of the
dehydration products may transfer the protons to the surrounding
molecules (matrix or water) and becomes a neutral species. A
part of the dehydration products may undergo a sequential
dehydration reaction. The barrier heights of both proton migra-
tion in CgHq.;Of and the sequential dehydration reaction,
CgHq10% — CgHoO7 + H,0, are very low, as illustrated in Fig. 2. The
rate constants of proton migration and the dehydration reaction
are listed in Table Ill of Supporting Information. According to the
calculations, 50% population decay of the dehydration product,
CegHq,0%, takes 500 ms, 2 ps, 20 ns and 200 ps through further dehy-
dration reaction at the temperatures 300, 450, 600 and 1000K,
respectively.

The proton affinity of the product of the second dehydration
reaction, CgHoO}, is further reduced to 196 kcal/mol. A part of the
dehydration product may undergo a proton transfer reaction and
become a neutral species. The third water molecule elimination,
CgHoO — CgH,0% +H,0, also has a low barrier height. The barrier
heights of proton migration in CgHsO} and the dehydration reac-
tion are illustrated in Fig. 3. The rate constants of proton migration
and the dehydration reaction are listed in Table IV of Supporting In-
formation. According to the calculations, 50% population decay of
CeHgO7 takes 200 ms, 25 ps, 150 ns and 100 ps at the temperatures
300, 450, 600 and 1000 K, respectively.

The proton affinity of the product of the third dehydration reac-
tion, CgH,03, is further reduced to 182 kcal/mol, which is very low.
Hence, a proton transfer reaction can easily occur. We found that

further decomposition of CgH,03 is related to ring opening dissoci-
ation. The barrier heights of the ring opening dissociation channels
of CgH,03 are high (>60 kcal/mol). Ring opening dissociation can
occur only at a much higher temperature.

Previous paragraphs describe the dehydration reaction of
protonated glucose (without water molecules). For protonated
glucose-water clusters, proton attaches to glucose only when the
number of water molecules is one. Therefore, dehydration reaction
only occurs for glucose-water clusters when the number of water
molecules is one. We did not calculate the dehydration reaction
of protonated glucose-water (n=1) cluster because there are too
many dissociation pathways. The search of minimum barrier height
for dehydration reactions of protonated glucose-water clusters is
beyond the scope of this manuscript. However, if the dehydration
reaction of protonated glucose with one water molecule occurs, it
increases the overall dehydration reaction rate of protonated
glucose. This enhances our conclusion: protonated glucose easily
undergoes dehydration reaction.

Sodiated glucose

The sodiation affinity of a-glucose ranges from 36.4 to 45 kcal/mol,
depending on the position of the attached sodium, as illustrated in
Fig. 4. Similar sodiation affinity (44 kcal/mol) of glucose has been
reported.””) In contrast to the proton affinity of glucose, which is
lower than that of matrices, the sodiation affinity of glucose is
higher than that of matrices. The sodiation affinities of glucose
and various matrices are listed in Table | of Supporting Information.
Similar to the proton migration reaction in glucose, the sodium
atom can also migrate in glucose, as shown by the low barriers of
sodium migration. The transition state geometries of sodium migra-
tion are shown in Fig. S10 of Supporting Information.

Decomposition of sodiated glucose

Protonated glucose can easily undergo the dehydration reaction.
However, the analogous dissociation channel of sodiated glucose,
namely NaOH elimination, CgH;,0gNa* — C¢H4;0% + NaOH, has a
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Figure 2. Geometries and relative energies (in kcal/mol) of CgH1;0= and barrier heights of proton migration (red) and dehydration reactions (green). The
geometries of transition states are shown in Figure S5 of Supporting Information.
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Figure 3. Geometries and relative energies (in kcal/mol) of CsHoO and barrier heights of proton migration (red) and the dehydration reaction (green).
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Figure 4. Geometries and relative energies (in kcal/mol) of sodiated a-glucose and barrier heights of sodium migration (red). NaOH elimination is plotted in
green, and only the product energies are plotted in scale. The barrier heights of NaOH elimination are not calculated, and they are not plotted in scale.
Because the barrier of NaOH elimination must be equal or larger than the product energies, large heat of reaction of NaOH elimination ensures that
Figure S9 of Supporting Information.

NaOH elimination does not occur. Calculations of barrier heights are not necessary. Similar energy diagram was found for sodiated -glucose, as shown in

large heat of reaction. Figure 4 shows the heat of reactions for
NaOH elimination. Because the barrier height of NaOH elimination
must be equal or larger than the heat of reaction, the large heat of
reaction of NaOH elimination ensures that this analogous
dehydration reaction is not expected to occur. Instead, sodiated
glucose at a high temperature undergoes the desodiation reaction
CgHy206Na"™ — CgH1506 + Na* because of the low sodiation affinity.
The temperature-dependent rate constants of sodium migration

migrates in glucose before sodiated glucose decomposes into
glucose and the sodium cation. According to the calculations,
50% population decay of sodiated a-glucose (B-glucose) takes
200 ns (800 ms) and 0.3 ns (20 ns) through the desodiation reaction
at the temperatures 600 and 1000 K, respectively.

Cellobiose

and desodiation reactions are shown in Table V of Supporting  The proton affinity of cellobiose ranges from 197 to 222 kcal/mol,
Information. The rate constants of sodium migration are higher  depending on the position of the attached proton. The proton affin-
than those of desodiation, indicating that the sodium cation

ity of cellobiose is higher than that of glucose. The proton affinity is
J. Mass Spectrom. 2016, 51, 1180-1186

Copyright © 2016 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jms




Journal of

MASS
SPECTROMETRY

J-L.Chen et al.

sufficiently high for cellobiose to compete with matrices for
protons. The barrier heights of dehydration reactions range from
23 to 42 kcal/mol, which are only slightly higher than those of
glucose. The low barrier heights of dehydration reactions
indicate that after a proton attaches to cellobiose, the dehydra-
tion reaction can easily occur. Among various dehydration
reaction channels, the dehydration of the glycosidic linkage,
Cy5H2,071H" — CgHp1 0% + CH1506, has the lowest barrier height
(23 kcal/mol). After the cleavage of the glycosidic linkage, the
product, C¢H;,0%, can easily undergo a sequential dehydration
reaction, as described for protonated glucose. The dehydration
of the hydroxyl group connected to the carbon atom at position
3 of cellobiose, Cy,H»,011H" — Cy5H50010H +H,0, has the sec-
ond lowest barrier height (25.8 kcal/mol). This dehydration reac-
tion competes with the cleavage of the glycosidic linkage.

The sodiation affinity of cellobiose (63 kcal/mol) is higher
than that of glucose (45 kcal/mol). However, it is still much
lower than the proton affinity of cellobiose. By contrast, the
barrier heights of the dissociation channel analogous to the
dehydration reaction of protonated glucose decrease to
63 kcal/mol for C;5H;,07;Na* — C;5H5,070+ NaOH, 61 kcal/mol
for Cy5H5,07;Na* — CgH1,06 + CgH100sNa* and 59 kcal/mol for
C15H5,07:Na* — CgH1,06Na™* + CgH1¢0s. The barrier heights of the
desodiation reaction and the reactions analogous to dehydration
reactions are similar (59-63 kcal/mol). These reactions may occur
and compete with each other at a high temperature. Details of
calculation of protonated cellobiose and sodiated cellobiose are
shown in Supporting Information.

Stability of carbohydrate cations in MALDI

Most of the protons produced by MALDI attach to matrices, but not
glucose. This is because the proton affinity of glucose is lower than
that of matrices, and the matrix concentration is much higher than
that of glucose. Even if a small amount of protons attaches to glu-
cose (e.g. the partial equilibrium between reactants and products),
our calculations show that protonated glucose rapidly dissociates
into fragments because of the high temperature (800-1500 K)
during MALDI. The dehydration reaction is followed by the
sequential dehydration reaction or the proton transfer reaction,
CeH110% + M — CgH1005 + MH™ (M represents the matrix), because
of the low proton affinity of CgH;0Os. Similar dehydration and
proton transfer reactions can occur after the second water elimi-
nation. The reduction of total protonated glucose (including var-
ious isomers) at 1000K is extremely rapid; calculations of
dissociation rate show that most of the protonated glucose disso-
ciates into fragments within 1 ns. The time required for dissocia-
tion is much shorter than the high temperature duration in
MALDI (<100ns) 2! This property is very different from those
of peptides and proteins. The proton affinities of peptides and
proteins are higher than those of matrices, and protonated
peptides and protonated proteins do not easily dissociate into
fragments. The relative low proton affinity with respect to the
MALDI matrix and the rapid decomposition of protonated
glucose and protonated dehydration products explain why no
protonated glucose and protonated dehydration products are
observed in MALDI.

Cellobiose has a higher proton affinity than that of matrices.
Cellobiose can compete with matrix for protons. However, the
barrier height of the dehydration reaction is low, and protonated
cellobiose easily undergoes dehydration reactions. These dehydra-
tion reactions reduce the cellobiose detection sensitivity.

Sodium cations produced by MALDI attach to glucose or cellobi-
ose instead of matrices, because the sodiation affinity of glucose
and cellobiose are higher than those of the matrix. In MALDI exper-
iment, sodiated matrix is frequently observed. If the amount of so-
dium cations is more than that of glucose or cellobiose in a MALDI
sample, the extra sodium cations may attach to matrix molecules.
The sodiation affinity of glucose (or cellobiose) is lower than the
proton affinity of glucose (or cellobiose); sodiated glucose and
cellobiose can decompose back to the reactants (sodium cations
and glucose or cellobiose) owing to the high temperature during
MALDI process. According to our calculations of dissociation rate,
the dissociation of sodiated glucose takes 20 ns (1000 K), which is
in a similar order of magnitude to that of the high temperature
duration in MALDI. Consequently, some sodiated glucose must de-
compose into glucose and the sodium cations. The decomposition
reduces the detection sensitivity for sodiated glucose in MALDI.

Stability of carbohydrate cations in ESI

Our calculations show that protons in the droplet are surrounded by
water molecules. Proton attaches to glucose and dehydration reac-
tion occurs only when most of the water molecules vaporize. The cal-
culated dehydration reaction rate shows that 50% population decay
of protonated glucose takes only 20 ms and 15 ns at 300 and 600K,
respectively. The dehydration product, C¢H;,0%, may undergo se-
quential dehydration, resulting in CgHoO} and CgH,03. According to
our calculations, the second dehydration reaction takes 500 ms and
20ns, and the third dehydration reaction takes 200 ms and 150 ns
at 300 and 600 K, respectively. The products from the dehydration re-
actions are observed in ESI mass spectra, as illustrated in Fig. 5(a) and
5(b). The relative ion intensities of m/z=127 (product of the third
dehydration reaction) and m/z= 145 (product of the second dehydra-
tion reaction) increase as the temperature increases. The trend is
consistent with the theoretical prediction. The rapid dehydration
reactions cause the detected ion intensity of protonated glucose to
be low in ESI. Dehydration reactions are also observed in cellobiose
and in large carbohydrates such as maltopentaose, as shown in the
Supporting Information of Fig. S12(a) and Fig. S13(a).

The ion intensity of sodiated glucose increases rapidly as the con-
centration of sodium cations in the solution increases, as illustrated
in Fig. 5(c). This is because sodiated glucose is much more stable
than protonated glucose. According to our calculations, sodiated
glucose can decompose into neutral glucose and the sodium
cation. The decomposition of 50% sodiated glucose takes 800 ms
(600 K), which is comparable to the duration of ions in ESI. The de-
composition reduces the detection sensitivity for sodiated glucose
generated by ESI.

The sodiated cellobiose has three dissociation channels which
the barrier heights are similar to that of desodiation reaction. These
three dissociation channels are C;,H,50;;Na* — C;,H,;070 + NaOH,
Cy5H55077Na* — CgHq506 + CoHqoOsNa™ and
C15H25071Na* — CgH1506Na* + CgH100s. The decomposition barrier
heights of sodiated cellobiose are slightly higher than those of
glucose; however, the decomposition of sodiated cellobiose is still ob-
served, as shown by the ion m/z=325, 203 and 185 in the Supporting
Information of Fig. S12(b).

Methods for improving carbohydrate detection sensitivity

By understanding the factors causing the low detection sensitivity
for carbohydrates, methods proposed for increasing the detection
sensitivity in previous studies can be rationalized.

wileyonlinelibrary.com/journal/jms
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Figure 5. ESI mass spectra of glucose. (a) and (b): Solution containing
10 °M glucose in a 1:1 water/methanol solvent. (c): Solution containing
107°M glucose and 10"*M NaCl in a 1:1 water/methanol solvent. lon m/
z=163, 145 and 127 represent the dehydration products of protonated
glucose, CgH130¢ — CeH13.2106n + (H20),, for n=1, 2 and 3. lon m/z= 195,
177 and 159 represent a methanol molecule (from solution) attached to
the dehydration products. lon m/z= 203 represents sodiated glucose, and
m/z=185 represents the sodiated glucose after water elimination. Details
of experimental conditions are shown in Supporting Information.

In MALDI, desorption occurs only at a high temperature.
However, a high temperature results in the decomposition of
protonated and sodiated carbohydrates. The dehydration barrier
height of protonated carbohydrates is extremely low; hence, it is
not likely that carbohydrates can be desorbed from the solid state
into the gas phase at a temperature without the decomposition

of protonated carbohydrates. However, the desodiation energy is
much higher than the barrier height of the dehydration reaction.
The temperature can be reduced to maintain desorption; mean-
while, decomposition of sodiated carbohydrates is reduced. A study
demonstrated that a frozen solution at 100K generates more
sodiated carbohydrate ions.”*® The frozen sample mainly comprises
water and acetonitrile, and a small amount of 2,5DHB and analyte.
UV photons of laser pulses irradiating on the frozen sample are
absorbed by 2,5-DHB. 2,5-DHB changes the photon energy into ther-
mal energy by internal conversion, followed by the energy transfer
to surrounding molecules. The melting points and boiling points
of water and acetonitrile are much lower than those of the matrices
in typical MALDI dried droplet sample. Molecules can be desorbed
into the gas phase at a much lower temperature from frozen solu-
tion than that of the matrix. The sodiated carbohydrate ion genera-
tion efficiency of a frozen solution at 100K is 20-30 times higher
than that of a conventional dried droplet at room temperature.
The low temperature facilitates reducing the decomposition of
sodiated carbohydrates and increases the ion generation efficiency.

Another method for increasing the carbohydrate detection
sensitivity is the addition of a small fraction of salt to the ESI solu-
tion. Instead of using residual sodium ions from an impure solution,
adding a small amount of salt provides a large and stable sodiated
ion signal. Figure 5 and Figs S12 and S13 of Supporting Information
show that the detection sensitivities for glucose, cellobiose and
maltopentaose increase by a factor of 10-50 when a small amount
of NaCl is added to the ESI solution. Adding a small amount of NaCl
or LiCl in ESI solution to increase the detection sensitivity has been
reported in previous studies.*>*%

Comparison of glucose and cellobiose shows that both the
proton affinity and sodiation affinity increase as the size of the
carbohydrate increases. This is because the number of hydroxyl
groups of carbohydrate interacting with the proton or sodium ion
increases. In addition, calculations according to TST suggest that
the dissociation rate of the dehydration reaction for large carbohy-
drates is slower than small carbohydrates because of the large
number of vibrational degrees of freedom. Consequently, large pro-
tonated carbohydrates do not undergo the dehydration reaction
completely; some of the protonated carbohydrate can be observed
in ESI mass spectra, as shown in Fig. S13(a) of Supporting Informa-
tion for maltopentaose. However, the ion intensity of protonated
maltopentaose remains much lower than that of sodiated carbohy-
drates when a small amount of salt is added to the ESI solution, as
illustrated in Fig. S13(b).
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