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Supplementary Figure 1: Optimized gas-phase structures

Shown are the energy-optimized structures of gas-phase (a) benzonitrile (PhCN) and (b) dimethyl methylphosphonate
(DMMP). Optimized structural parameters are provided in Supplementary Table 1 for PACN and in Supplementary

Table 2 for DMMP.



t=100s t=150s t=200s t=250s
e O cg® 9 sg® 5 sg®d 5 s

deocoldecdde dds .

100

S 804 ---------o -
> S
l(T) <4 .. .
£ S
"é' 60 - .o. :
2 | ;s
=) ° I
—_ ® 1
2 40 - . '
It} ] 1
S : '
D 1 . I
o ° 1
20+ :
y 1
-/ :
0 T T T I| T T T T T T
0 50 100 150 200 250

Time (s)

Supplementary Figure 2: Sample dynamic response of 5CB to DMMP exposure

Shown is the response of 5CB anchored to a surface coated with 10 mM AI®* upon exposure to 10 ppm DMMP at t
=0 s. The dotted line indicates the characteristic response time, defined as the time taken to reach 80% normalized

light intensity (in this sample, 100 s).
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Supplementary Figure 3: Minimum energy structure of solvated Cu?*

Calculated minimum energy structure of Cu®* solvated by four ethanol (EtOH) molecules. Charge density is donated

from the solvent to the cation, lowering the effective charge on the cation.
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Supplementary Figure 4: Response of 5CB to water exposure

Sample optical response (crossed-polars) of nematic 5CB anchored to a surface coated with 10 mM metal salts upon
exposure for one hour to air containing water vapor (temperature was 26 °C and relative humidity was 31%). No

change was observed in any sample, indicating that H.O could not displace 5CB.



Supplementary Table 1: Structural parameters for gas-phase benzonitrile (PhCN)

Main structural parameters [bond lengths in A, angles in °] for energy-optimized gas phase PhCN. Labels correspond

to atoms shown in Supplementary Figure 1a. All C-H bond lengths are between 1.08-1.09 A.

Parameter | CBS-QB3 | B3LYP/CEP-121G | Experimental®
N1 —C2 1.16 1.19 1.16

C.-Cs 1.43 1.45 1.45

C3—-C4 1.40 1.42 1.39

Cs—Cs 1.39 141 1.40

Ce—Cs 1.39 1.42 1.40
Cs—C3-Cs | 120.0 120.1 121.6
Cs—Cs—Ce | 119.7 119.7 119.0
Cs—Ce—Csg | 120.2 120.2 120.1
Ce—Cg—C7|120.1 120.1 120.1




Supplementary Table 2: Structural parameters for gas-phase dimethyl methylphosphonate (DMMP)

Main structural parameters [bond lengths in A, angles in ©] for energy-optimized gas phase dimethyl
methylphosphonate (DMMP). Labels correspond to atoms shown in Supplementary Figure 1b. All C-H bond lengths

are between 1.08-1.09 A.

Parameter CBS-QB3 | B3LYP/CEP-121G | Computed?
P1-02 1.47 1.60 148 -1.51
P1—03 1.60 1.74 1.59-1.63
P1— 04 1.61 1.74 1.61-1.65
P1—-Cs 1.80 1.86 1.79-1381
O2-P1-Cs | 116.5 121.6 116.4-116.8
O2—-P1-03117.3 113.4 116.4-117.4
O2-P1-04| 1134 113.4 113.3-113.9
P1—03-Ce | 120.0 120.4 115.5-119.7
P1—04—-C7 | 1213 120.4 116.1-120.4
O3—-P1—-04|101.3 105.8 100.4 - 101.7




Supplementary Table 3: Structural parameters using the formal charge approach

Selected structural parameters calculated for the energy-optimized Me™ — PhCN and Me™ — DMMP systems using

the formal charge approach.

Me"* — PhCN Me"" — DMMP
Bond Length (&) | Angle (°) | Bond Length (&) | Angle (°)
Me™ |N-Me™ |C-N|C-N-Me™ | O-Me"™ [P-0O |P-0-Me"™
ARt 2.02 1.16 180.0 1.69 1.64 166.4
Fe3* 1.96 1.16 180.0 1.84 1.55 175.1
La%* 2.23 1.23 180.0 2.08 1.76 166.3
Cad?* 2.14 1.20 147.1 2.12 1.69 103.9
Co?* 1.83 1.15 180.0 1.83 1.56 101.2
Cu? 1.83 1.16 179.7 1.80 1.55 157.1
Ni?* 1.87 1.15 180.0 1.83 1.56 101.1
zn?t 191 1.17 143.5 1.88 1.55 101.9
Ag* 2.13 1.18 180.0 2.13 1.64 152.4
Na* 2.24 1.16 180.0 2.09 1.50 168.5

Calculated parameters for isolated molecules are 1.16 A (C — N) and 1.47 A (P — 0).



Supplementary Table 4: Structural parameters using the reduced charge approach

Selected structural parameters calculated for the energy-optimized Me™ — PhCN and Me™ — DMMP systems using

the reduced charge approach.

Me"" — PhCN Me"" — DMMP
Bond Length (&) | Angle (° | Bond Length (A) | Angle (°)
Me®™* | N-Me™ |C-N|C-N-Me™ | O-Me™ |P-O|P-0-Me™
Al? 2.66 1.15 180.0 1.67 1.61 157.6
Fe?* 1.94 1.16 180.0 1.77 1.58 151.3
La’* 2.39 1.20 180.0 2.18 1.69 172.3
Cd* 2.25 1.19 180.0 2.15 1.64 162.6
Co* 1.83 1.16 180.0 1.86 1.52 147.4
Cu* 1.81 1.16 180.0 1.83 151 142.3
Ni* 1.82 1.16 180.0 1.84 1.52 143.4
Zn* 2.02 1.16 180.0 1.93 151 1574
Ag° 2.51 1.19 137.4 2.45 1.62 147.6
Na° 2.37 1.16 147.4 2.23 1.48 172.9

Calculated parameters for isolated molecules are 1.16 A (C — N) and 1.47 A (P — 0).



Supplementary Table 5: Binding energies of water to metal cations

Comparison of water binding energies to metal cations with the respective binding energies of PhCN and DMMP
using the reduced charge approach (all charges listed are reduced charges). The italicized entries correspond to those

systems for which homeotropic anchoring is not observed experimentally. All values are in eV.

BE(H20) BE(H20)
Cation | BE(H20) | BE(PhCN) | - BE(PhCN) | BE(DMMP) | - BE(DMMP)
Al% -4.25 -7.45 3.20 -8.60 4.35
Cr?* -3.14 -5.62 2.48 -7.17 4.03
Fe?* -3.57 -5.70 2.13 -8.08 451
La?* -2.66 -4.06 1.40 -5.19 2.53
Sc?t -2.63 -4.09 1.46 -5.47 2.84
cd* -1.44 -1.91 0.47 -2.27 0.83
Co* -1.53 -2.51 0.98 -2.54 1.01
Cut -1.62 -2.56 0.94 -2.81 1.19
Fet -1.33 -2.27 0.94 -3.00 1.67
Ni* -1.67 -2.56 0.89 -2.78 1.11
Zn* -1.44 -2.23 0.79 -2.79 1.35
Ag° -0.13 -0.08 -0.05 -0.17 0.04
Na° -0.21 -0.19 -0.02 -0.44 0.22




Supplementary Discussion
Energy Minimization of DMMP and PhCN

Supplementary Figure 1 shows the energy-optimized structure of the individual gas-phase
PhCN and DMMP molecules, as determined by our electronic structure calculations.
Supplementary Table 1 summarizes the main structural parameters of PhCN, along with the
respective experimental values!. The structural parameters for DMMP are shown in
Supplementary Table 2 alongside previously computed values? at different levels of theory; to the
best of our knowledge, no experimental values for DMMP structural parameters are available. All
C — H bond lengths are between 1.08 and 1.09 A for both molecules. In general, the parameters
computed at the CBS-QB3 level of theory agree with the experimental or previously computed

parameters better than those at the B3LYP/CEP-121G level of theory.
Energy Minimization of DMMP and PhCN Complexes with Metal Cations

Supplementary Table 3 shows the main structural parameters of the Me"*-PhCN and
Me""-DMMP complexes with the formal charge approach, and Supplementary Table 4 shows the
main structural parameters of those complexes with the reduced charge approach. The interaction
of metal cations with the PhCN molecule only slightly affects the C-N bond length (1.16 A with
CBS-QB3 for isolated PhCN), with the exception of PhCN—La®* (1.23 A), while the interaction
between Me™ and DMMP generally leads to an increased P—O bond length (1.47 A for isolated
DMMP). The C-N-Me™ bond angle is 180° (i.e. linear), except for the cases of Zn?*, Cd?*, Ag®
and Na°, in which slight bending occurs. No particular trend is observed for the P-O —Me"™ bond

angle. The N-Me"" bond length is generally longer than the O—Me"" bond length.

Correlation of Response Time with Calculated Binding Energies
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An exponential curve relating the experimental response time to the calculated binding
energies was chosen for fundamental reasons underlying the displacement of the liquid crystal
from the surface. In particular, we can understand the experimental response time in the context
of reaction rates; specifically, the inverse of the response time corresponds to the reaction rate.

Assuming an Arrhenius-type expression for reaction rates, we can write:

o« rate = (IL[C:]) * A * exp() )

response time

where [Ci] are the respective concentration terms, A is the pre-exponential term, Ea is the activation
energy, R is the gas constant, and T is the absolute temperature. In the context of this displacement
reaction, we assume that [Ci] and A are invariant when changing metal cations, so the response
time is determined directly by the exponential term. Assuming that there exists a Brgnsted-Evans-
Polanyi correlation®* between the activation energy of the displacement event (Ea) and the reaction
free energy (AG), this allows approximation of activation energies as a linear function of the
reaction energy; i.e., E; = a x (AG) + 8, for some parameters a and f. Since AG for this
displacement is dominated by the difference in binding energies (i.e. BEbmmp — BEpnen) due to
consistent entropic effects, Ea can be replaced in the exponential by the difference in binding
energies. The parameter £ can be grouped into a modified pre-exponential term along with the
constant concentration terms, and the entire expression inverted to yield the final expressions for

response time as given in our model.

1 o (Hi[ci]) « A * exp(—{a(BEDMMP—BEPhCN)+ﬁ}) )

response time RT

a(BEpMmp—BEphcN)
e =BBenen), ©)

response time < A" x exp(

11



In this sense, our exponential fit provides us the values of « and A4’ corresponding to this reaction
event. We note that exact determination of the terms contained in A’ would require experiments
outside the scope of this work. The exact response time would clearly depend on the value of the

exponential and all the parameters lumped into 4.
Charge Transfer from Ethanol Solvent

We hypothesize that some residual ethanol (EtOH) molecules from experimental
preparation of the substrate surface containing the metal cations might remain bound to the metal
cation as a possible consequence of a strong interaction between the cation and EtOH in solution,
and that the charge of the solvated metal cation is therefore different from its formal charge due to
donation of electron density from the EtOH solvent to the cation. To test this hypothesis, we
calculated the differential binding energy (BEuaitf) and optimized cation charge (gr) resulting from
the relaxation of a Cu?* cation (formal charge) in the presence of n EtOH molecules (n = 1 — 4).

BE.is for the n" EtOH molecule is defined as follows:
BEuiff = Eme+netor — EMe+(n-1)EtoH - EEtoH (@)

where Eme+neton and Ewme+(n-1)EtoH are the total energies of the complex with n and (n-1) EtOH

molecules, respectively, and Egton is the total energy of the isolated EtOH molecule.

The optimized structure of [Cu(EtOH)4]%" is shown in Supplementary Figure 6. All O — Cu
distances in [Cu(EtOH)4]?* are calculated to be between 1.95-1.96 A, which agree with the
experimental value of 1.97 A reported by Inada et al. for the solvation of Cu(Il) by an average of
four EtOH molecules®. We find that qr decreases to 1.47, 0.68, 0.59, 0.31 as n increases from 1 to
4, respectively. These data suggest that the solvated Cu cation has a g smaller than (2+) and its
value is closer to the charge used in the reduced charge approach, particularly when the Cu cation
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interacts with 1-2 EtOH molecules (gr is a strong function of n). BEgis also decreases to
-6.1 eV, -4.6 eV, -2.2 eV, -1.9 eV as n increases from 1 to 4, respectively, which qualitatively
follows our observation that cations in the reduced charge model bind species more weakly than
those in the formal charge model. The decrease of the metal charge as function of the number of
EtOH molecules in the complex is in agreement with related computational studies of metal cation

solvation by Rao et al. ® and by Xu et al. ’.

In order to further investigate this phenomenon, we computed BEpncn and BEpmwme to Cu?*
in the presence of one and two EtOH molecules. In the presence of one EtOH molecule, we
calculated BEpncn = -6.08 eV and BEpmmp = -4.86 eV. In this case, the BEs are between the values
obtained using the reduced charge approach (-2.56, -2.81) and those obtained with the formal
charge approach (-9.88, -8.52). Importantly, since PhCN binds more strongly than DMMP in this
calculation, the model predicts that displacement of PhCN by DMMP will not occur, in contrast
to experimental results. We performed the same calculations in the presence of two EtOH
molecules, obtaining BEphncn = -2.99 eV and BEpmwmer = -3.73 eV, which would predict
displacement of PhCN by DMMP, in agreement with experiments. These two values are within 1
eV of the values calculated with the reduced charge approach, demonstrating reasonable
qualitative agreement between this larger system containing Cu?* bound to two EtOH molecules

and the reduced charge model.
Effect of Charge Donation from Chemical Species in the Sensing Surface Environment

In addition to the ethanol solvent, other species may contribute to the donation of charge
density to metal cations, thereby reducing their charge from the formal charge in the metal salt

precursor. As a brief example, water is omnipresent in the environment of our experiments and
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can also donate charge through coordination with the metal cation through one of its lone electron
pairs. However, we calculate that a metal cation interacts with water substantially more weakly
than with ethanol. For example, a single water molecule binds to Cu?* with an energy of -4.56 eV,
which is weaker than the binding of both the first (-6.1 eV) and second (-4.6 eV) EtOH molecules
described earlier. Further, the binding energy of water to Cu'* (reduced charge) is just -1.60 eV,
so once Cu?* is reduced in the presence of two EtOH molecules, adsorption of a third and fourth
EtOH molecule would still be preferable to adsorption of water. The metal cation will therefore
strongly prefer to maintain coordination to any trace EtOH remaining from synthesis of the salt
surface rather than coordinate to free water molecules, justifying our selection of EtOH as the

charge-donating species in our model.
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