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1 Two Phase Thermodynamic Method

The two-phase thermodynamic method (2PT)[1, 2] can be used to estimate entropy for MD
simulations. This has been implemented successfully to estimate standard molar entropies and
heat capacities of common liquid-phase solvents.[3] The following gives further details on how
this method was implemented for this study. The velocity of each atom has translational,
rotational, and vibrational modes:

vtoti = vtrni + vroti + vvibi (1)

Classical mechanics can be used to easily obtain vtrni and vroti . The remainder, vvibi , can be
found by subtracting the translational and rotational components from the total velocity. Each
atom has a velocity autocorrelation function for each mode k:

cki (t) = lim
t→∞

1

2τ

∫ τ

−τ
vki (t′ + t)vki (t)dt′ (2)

with correlation time t. The mass-weighted autocorrelation function is obtained for each mode.
The DoS is found by applying a Fourier transform F and weighting:

fktot(ν) =
2

kBT
F

[
N∑
i=1

mic
k
i (t)

]
(3)

with Boltzmann’s constant kB, temperature T , number of total atoms N , and mass of atom i
mi. The fluidicity factor gk for each mode is found:

δ−4.5k g7.5k − 3δ−3k g5k −
1

2
δ−1.5k g2.5k + gk − 1 = 0 (4)

δk =
2fktot(0)

9N

(
πkBT

m

)1/2(N
V

)1/3( 6

π

)2/3

(5)

with m total mass and V partial volume of component. The gas and solid components of the
DoS are as follows:

fkg (ν) =
fktot(0)(

1 +
fktot(0)πν
6gkN

)1/2 (6)

fks (ν) = fktot(ν)− fkg (ν) (7)
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The gas component has translational mode weighting factor:

Ŝtransg =
1

3kB

[
5

2
+ ln

[(
2πmkBT

h2

)3/2 V c1
Ngtrans

]
+ c2

]
(8)

c1 =
1 + y + y2 − y3

(1− y)3
(9)

c2 =
y(3y − 4)

(1− y)2
(10)

y = g2.5transδ
2.5
trans (11)

with c1 and c2 compressibility factors from the Carnahan-Starling equation of state. The rota-
tional mode weighting factor (rotational entropy of a polyatomic ideal gas) is:

Ŝrotg =
1

3kB

[
ln
π1/2e3/2

σ

(
T 3

ΘAΘBΘC

)1/2
]

(12)

Θj =
h2

8π2IjkB
(13)

Ij =
N∑
i=1

mid
2
i (14)

COMj =
1

M

N∑
i=1

miji (15)

with σ rotational symmetry, Θj rotational temperature in the j direction, Ij principle moment
of inertia in the j direction, di distance of atom i from the center of mass (COM), and ji the
j coordinate of atom i. There is no fluidicity factor for the gas-phase vibrational component.
The solid component has harmonic oscillator weighting factor for all modes:

Ŝks (ν) =
βhν

eβhν − 1
− ln(1− e−βhν) (16)

β = (kBT )−1 (17)

Integration is used to obtain the entropy for each mode in either of the phases:

Ŝkx = kB

∫ ∞
0

Ŝkx(ν)fkx (ν)dν (18)

with x the gas or solid component. The crystalline bundle and oligomer units were considered
rigid rods with translation and rotation, and because the cellulose strands were tethered, these
translational and rotational contributions were added to the entropy.
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2 Statistical Measurement of Thermodynamic Properties

2.1 Statistical Measurements of a Given Composition and a Given State

The averages of the thermodynamic quantities and their uncertainties reported in the manuscript
were calculated in the following manner. For a single simulation of a given composition j (e.g.
TBAH with 60 wt% water and no urea) and a given state k (e.g. crystalline or dissociated)
the thermodynamic quantity of interest, denoted generically as X, at a given moment in time
i can be represented as Xj,k

i . These data were recorded once every 100 fs throughout the 10 ns
production run equating with a total of 100 000 data points, denoted by N . The average value
of that quantity is calculated as:

〈X〉j,k =
1

N

N∑
i=1

Xj,k
i . (19)

The instantaneous enthalpy Hj,k
i is calculated as the sum of the instantaneous internal energy

Hj,k
i and the product of the instantaneous pressure pj,ki and the instantaneous volume V j,k

i

Hj,k
i = U j,ki + pj,ki V j,k

i . (20)

Due to the deterministic nature of the computations each of the above quantities were considered
as exact measurements of the instantaneous state of the system. The standard deviation of the
thermodynamic quantity of interest at a given composition and given state is calculated as

σj,k(Xj,k) =

√√√√ 1

N

N∑
i=1

(Xj,k
i − 〈X〉j,k)2, (21)

and the standard uncertainty of that thermodynamic quantity as

uj,kc (Xj,k) =
σj,k(Xj,k)√

N
, (22)

and the relative standard uncertainty as

uj,kc,r(X
j,k) =

uj,kc (Xj,k)

|Xj,k|
. (23)

The standard uncertainty is a measure of the standard deviation of the mean. Unless otherwise
noted, this is the measure represented as the error bars throughout the figures of the main
manuscript.

For a single simulation of a given composition j and a given state k the average Gibbs
free energy is calculated as the combination of the average enthalpy, average temperature, and
average entropy of that respective simulation

〈G〉j,k = 〈H〉j,k − 〈T 〉j,k〈S〉j,k. (24)

The standard uncertainty (uc) is obtained through error propagation:

uj,kc (〈T 〉j,k〈S〉j,k) = |〈T 〉j,k〈S〉j,k|
√
uj,kc,r(T j,k)2 + uj,kc,r(Sj,k)2 (25)

uj,kc (Gj,k) =

√
uj,kc (Hj,k)2 + uj,kc (〈T 〉j,k〈S〉j,k)2. (26)

3



2.2 Statistical Measurement of Thermodynamic Changes

The average change in the Gibbs free energy, enthalpy, energy, pairwise interaction energy,
temperature, and entropy, denoted here generally as 〈∆X〉, at a given composition j is calculated
as the difference between the dissociated (diss) and crystalline (crys) states:

〈∆X〉j = 〈X〉j,diss − 〈X〉j,crys, (27)

and the standard uncertainty is estimated through the propagation of error

ujc((∆X)j) =

√
uj,dissc (〈X〉j,diss)2 + uj,crysc (〈X〉j,crys)2. (28)
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3 Difference in the Change of the Pairwise Interaction Energy

The difference in the change of the pairwise interaction energy upon dissolution (∆∆Upair),
given in kcal/mol-AGU, between selected compositions. The interactions are grouped into five
different resolutions. Interactions at the higher resolutions combine to form the merged cells at
the lower resolutions. Abbreviations represent (CAT) cations, (HOX) hydroxide, (URE) urea,
(HOH) water, (CEL) cellulose, (IL) ionic liquid, (MOL) molecular/IL mixture, (AQ) aque-
ous/molecular/IL mixture, and (TOTAL) all of the components. Colors indicate key changes
that are (red) unfavorable, (blue) neutral, and (green) favorable.

Table S1: The difference in the change of the pairwise interaction energy upon dissolution
(∆∆Upair), given in kcal/mol-AGU, between TBAH with 40 wt% water and TBAH with 60 wt%
water.

Ultra Very-High High Medium Low
Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair

CAT-CAT 16.3
IL-IL 1.9

MOL-MOL 1.9

AQ-AQ 0.4

TOTAL 1.7

CAT-HOX -34.5
HOX-HOX 20.1
CAT-URE –

IL-URE –
HOX-URE –
URE-URE – URE-URE –
CAT-HOH 1.1

IL-HOH -11.2
MOL-HOH -11.2HOX-HOH -12.3

URE-HOH – URE-HOH –
HOH-HOH 9.7 HOH-HOH 9.7 HOH-HOH 9.7
CAT-CEL 2.2

IL-CEL 11.6
MOL-CEL 11.6

AQ-CEL 2.3
HOX-CEL 9.4
URE-CEL – URE-CEL –
HOH-CEL -9.3 HOH-CEL -9.3 HOH-CEL -9.3
CEL-CEL -1.0 CEL-CEL -1.0 CEL-CEL -1.0 CEL-CEL -1.0

Table S2: The difference in the change of the pairwise interaction energy upon dissolution
(∆∆Upair), given in kcal/mol-AGU, between TBAH with 60 wt% water/no urea and TBAH
with 60 wt% water/33 wt% urea.

Ultra Very-High High Medium Low
Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair

CAT-CAT 10.8
IL-IL 1.9

MOL-MOL 8.3

AQ-AQ 0.4

TOTAL 0.3

CAT-HOX -21.6
HOX-HOX 12.7
CAT-URE 1.7

IL-URE 5.8
HOX-URE 4.1
URE-URE 0.6 URE-URE 0.6
CAT-HOH -2.7

IL-HOH -16.5
MOL-HOH -16.9HOX-HOH -13.8

URE-HOH -0.4 URE-HOH -0.4
HOH-HOH 8.9 HOH-HOH 8.9 HOH-HOH 8.9
CAT-CEL 2.6

IL-CEL 9.5
MOL-CEL 2.3

AQ-CEL 0.2
HOX-CEL 6.9
URE-CEL -7.2 URE-CEL -7.2
HOH-CEL -2.1 HOH-CEL -2.1 HOH-CEL -2.1
CEL-CEL -0.2 CEL-CEL -0.2 CEL-CEL -0.2 CEL-CEL -0.2
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Table S3: The difference in the change of the pairwise interaction energy upon dissolution
(∆∆Upair), given in kcal/mol-AGU, between TBAH with 40 wt% water/33 wt%urea and TBAH
with 40 wt% water/40 wt%urea.

Ultra Very-High High Medium Low
Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair Interaction ∆∆Upair

CAT-CAT 4.9
IL-IL -4.7

MOL-MOL -3.0

AQ-AQ 1.4

TOTAL 1.3

CAT-HOX -11.4
HOX-HOX 1.8
CAT-URE 0.8

IL-URE 0.8
HOX-URE 0.0
URE-URE 0.9 URE-URE 0.9
CAT-HOH 0.4

IL-HOH 9.0
MOL-HOH 6.7HOX-HOH 8.6

URE-HOH -2.2 URE-HOH -2.2
HOH-HOH -2.3 HOH-HOH -2.3 HOH-HOH -2.3
CAT-CEL 1.0

IL-CEL 0.8
MOL-CEL 0.1

AQ-CEL -0.1
HOX-CEL -0.2
URE-CEL -0.7 URE-CEL -0.7
HOH-CEL -0.2 HOH-CEL -0.2 HOH-CEL -0.2
CEL-CEL -0.1 CEL-CEL -0.1 CEL-CEL -0.1 CEL-CEL -0.1

4 Changes in Hydrogen Bonding upon Dissolution
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