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Supplementary Figure S1. Measured enthalpy from simulations of water boxes of different sizes. From a linear fit to the
measured data, the partial enthalpy of water is determined to be dHw/dNw = −38.67 kJ/mol.
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Supplementary Figure S2. Pressure distance curves obtained in simulations for the two lipids shown in a linear scale. The
reference potential µ0 was obtained by averaging results for the water chemical potential for which nw > 19 for simulations of
DMPC and POPC. This is why only the average pressure for data points with nw > 19 goes to zero.
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Supplementary Figure S3. Interaction pressure between membrane stacks in solution with TMAO (A), urea (B) and sodium
chloride (C) from sorption calorimtetry (SC) experiments of DMPC lipids and simulations of DMPC and POPC. Panel C
additionally includes an exponential fit to the experimental data for nw > 10. Comparison between experimental data and
simulation results for DMPC bilayers shows larger deviations at low hydration levels. This is due to a phase transition from
the fluid like to the gel like phase in the experiments when reaching a hydration level below nw ≈ 10.
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Supplementary Figure S4. Volumes from simulations of binary membrane-water-systems and ternary co-solute-membrane-water
systems with 10 wt% of co-solutes. (A) Total system volume as a function of the hydration level. The decrease in system
volume upon dehydration is constant for all simulated systems, suggesting a constant water partial volume vw. (B) Average
volume per lipid molecule for different hydration levels of membrane systems with and without 10 wt% of co-solutes. The lipid
volume seems to remain constant during dehydration, while the area per lipid was observed to decrease (cf. Fig. 4 of the main
text).

PARTIAL VOLUMES OF WATER AND LIPIDS

The slope of the total system volume Vtot as a function of the number of water molecules per lipid molecule nw =
Nw/Nlip remains constant for all observed systems (see Fig. S4A). This implies that the partial volume of water
vw = ∂Vtot/∂Nw is unchanged in all simulations. Additionally, the volume per lipid molecule vlip was computed from
simulations as

vlip = (Vtot −Nw · vw −Ni · vi) /Nlip, (S1)

where vi denotes the partial volume of the respective co-solutes and Ni is the number of co-solute molecules in the
simulation. The partial volume of the specific co-solute was estimated by the volume increase between simulations
with 1wt% and 10wt% of the co-solute at the same hydration level as vi ≈ ∆Vtot/∆Ni.

Like the water partial volume, the lipid partial volume appears to remain constant throughout all simulation setups
(see Fig. S4B). Since the lipid area Alip was found to be affected by hydration and addition of co-solutes (see main text),
this suggests an elongation or contraction of the lipids along their axis, depending on the change in Alip. A difference
of about 3-4% is observed between values for the lipid volumes measured in our simulations and values obtained
experimentally using the neutral flotation method [1]. This discrepancy might be due to forcefield limitations.
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RELATION BETWEEN OSMOTIC COEFFICIENTS AND ACTIVITY COEFFICIENTS

When using the definition of the osmotic coefficient Φ in equation (1) in the main text, one can express the water
chemical potential µw in solution with a solute as

µw = ΦRT ln(xw) = −ΦRT ln(1 +Mwb) ≈ −ΦRTMwb, (S2)

where Mw is the water molar mass and b is the molal concentration of the solute. The solute chemical potential µs is
given by

µs = RT ln(γb), (S3)

with the solute specific activity coefficient γ. The Gibbs-Duhem equation at constant pressure and temperature as a
function of the solute molality results in the relation

bMwdµs = −dµw. (S4)

Using equations (S2) and (S3) we can write the total differentials of µs and µw as

dµw = −RTMwb dΦ− ΦRTMw db (S5a)

dµs =
RT

γ
dγ +

RT

b
db. (S5b)

Now substituting equations (S5) into equation (S4) we obtain

bdln(γ) + db = d(Φb). (S6)

Solving equation (S6) for dln(γ) and integrating then leads to the relation between activity coefficient and osmotic
coefficient referred to in the main text

ln(γ) = Φ− 1 +

∫ b

0

Φ− 1

b′
db′. (S7)
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OSMOTIC COEFFICIENTS FOR TMAO

In order to obtain the osmotic coefficient of TMAO solutions at different concentrations ΦTMAO(xw), the dependence
of the water activity on the TMAO molality reported in reference [2] was used. For this, the relation between solute
molality and water mole fraction b(xw) = (x−1w − 1)/Mwν, where additionally νTMAO = 1 was then substituted.

Together with equation (1) from the main text this then yields the following expression

ΦTMAO(xw) =
Mw(b(xw) +Ab(xw)2)

ln(xw)
, (S8)

where A = 0.18 was obtained in reference [2] based on a quadratic fit to the water activity data. Equation (S8) was
then used to compute the TMAO osmotic coefficients for the augmented model in equation (7) of the main text.

OSMOTIC COEFFICIENTS FOR UREA AND SODIUM CHLORIDE

For urea and sodium chloride, previously determined dependencies of the respective osmotic coefficients on the co-
solute molality were obtained from the literature. These expressions were then transformed from the molality scale
to the mole fraction scale using the relation b(xw) from above. Note that νNaCl = 2. Additionally, the pre-factor
K = (x−1w − 1)/ln(x−1w ) is introduced to account for the different reference potential used in the definition of the
molality based osmotic coefficient Φb(b) = ∆µ/RTνMwb. This definition was used in the references, whereas in this
work we use the fractional osmotic coefficient Φ(xw) as defined in equation (1) of the main text.
At T = 25◦C the relation reported in reference [3] leads to the following expression for the osmotic coefficient of an
urea-water-solution

Φurea(xw) = K

(
1− c1b(xw)

1 + c2b(xw)
− c3b(xw)

2

(1 + c2b(xw))2

)
, (S9)

where values of c1 = 0.042783, c2 = 0.15 and c3 = 0.0004198 were found in reference [3] to reproduce the osmotic
coefficient correctly up to b = 20 mol/kg corresponding to xw ≈ 0.74.

For sodium chloride, osmotic coefficients were computed using the following relation based on the findings of refer-
ence [4]

ΦNaCl(xw) = K

(
1− Sf

√
d0

A3b(xw)

[
1 +A

√
b(xw)− 2 ln(1 +A

√
b(xw))− 1

1 +A
√
b(xw)

]

+Bb(xw) + Cb(xw)
2

+Db(xw)
3

)
, (S10)

where at T = 25◦C the following values of Sf

√
d0 = 1.1705, A = 1.3924, B = 2.655 · 10−2, C = 9.60 · 10−3 and

D = −0.96 · 10−3 are reported. The derivation of equation (S10) is based on the Debye-Hückel limiting law for the
activity coefficient, which is then transformed to the osmotic coefficient using equation (S7) [4].
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Supplementary Figure S5. Comparison between differential enthalpies ∆H ′ = H ′5wt% TMAO − H ′water (see main text) from
sorption calorimetry experiments and MD simulations of POPC lipids. The difference between the differential enthalpies
obtained in setups with 5 wt% TMAO and pure water was computed at the same hydration level nw. Dashed lines indicate
regimes where TMAO forms a separate phase and POPC undergoes a phase transition in experiments.
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Supplementary Figure S6. Details for the computation of the linear combination of the water-membrane and water-TMAO
systems for DMPC, shown exemplary for two hydration levels nw = 4 and nw = 25. (A-B) Normalized distribution of
TMAO-TMAO separations as observed in DMPC simulations with 10 wt% of TMAO. Data are averaged over five independent
simulations and the standard error is indicated as the area shaded in grey. (C-D) Potential of mean force for TMAO in water as
reported in reference [5]. For separations below the smallest measured value, the PMF was taken to be constant. (E-F) Product
of respective PMF components and TMAO-TMAO separation distribution, which was then used to compute the theoretical
contributions of pairwise TMAO-TMAO interactions to the free energy of the TMAO loaded membranes (see equations (9) of
the main text).
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Supplementary Figure S7. (A) Potential of mean force (PMF) between the DMPC lipid interface and TMAO molecules at
different temperatures. The DMPC-TMAO PMF was estimated from density profiles ρTMAO(z) obtained from simulations
with 1wt% of TMAO, by using the identity PMF(z) = −kBT ln(ρ(z)/ρcen). (B) Temperature dependent surface excess of
TMAO at the DMPC interface from simulations with 1wt% of TMAO. The computation of Γ was performed as defined in
Eq. (4) in the main text. Assuming temperature-independent enthalpic and entropic contributions, the decreasing repulsion
with increasing temperature indicates entropic attraction over-compensated by enthalpic repulsion. Similarly, a decreasing
range of the repulsion between co-solutes and surfaces has previously been associated with enthalpy-driven depletion forces. [6].
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Supplementary Figure S8. In order to evaluate the relative importance of the ion and the lipid forcefields regarding the observed
Na+ adsorption to the membrane surfaces, two different forcefield setups were analyzed. The CHARMM36 forcefield for the
lipids [7] in combination with the Dang NaCl forcefield [8] together with the TIP3P water model [9, 10] on the one side are
compared to a Berger lipid [11] and CHARMM36 NaCl system [12] in SPC/E water [13] on the other side. We find that
regardless of the NaCl forcefield used (Dang or CHARMM36) the Na+ adsorption is much stronger for the Berger lipids,
compared to the CHARMM36 lipids.
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Supplementary Figure S9. Comparison of the logarithmic derivative acc := dln(γ)/dc of the activity coefficient between the
CHARMM36 [12] and Dang NaCl [8] forcefield in bulk water (employing the TIP3P [9, 10] and SPC/E [13] water model respec-
tively). It is apparent that the Dang forcefield reproduces the experimental activity coefficient better than the CHARMM36
forcefield, especially at concentrations c > 2 mol/l.
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