 Determination of the diffusion constants of dimethylsulfide and dimethylsulfoniopropionate by diffusion-ordered nuclear magnetic resonance spectroscopy
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Abstract
The diffusion coefficients (D) for both dimethylsulfide (DMSP) and dimethylsulfoniopropionate (DMSP) were determined using diffusion-ordered nuclear magnetic resonance spectroscopy (DOSY).  Diffusion coefficients were measured across a temperature range (285 – 315 K, 12 – 42°C) and DDMSP was determined in both artificial seawater (30.5‰) and in MilliQ water (0‰).  Diffusion constants were within the range predicted by various empirical models.  DDMS was lower than that reported previously, which implies slower sea-to-atmosphere gas transfer.  DDMSP was well-predicted by the Stokes-Einstein relation and does not have a strong concentration dependence.  Implications for diffusion of DMSP on cellular physiology are discussed, as are implications for sea-to-air transfer of DMS, changing previous rates by approximately 10%.

Introduction
	The diffusion of small molecules through aqueous solution plays a critical role in myriad processes, both physiological and chemical.  For trace gases like dimethylsulfide (DMS), the transfer rate from the surface oceans to the lower atmosphere depends on the diffusion constant, D (m2 s-1), among other factors (Broecker and Peng, 1974; Wanninkhof, 1992).  Because DMS comprises about 50% of the natural reduced sulfur emissions to the atmosphere (Bates et al., 1992), accurate measurement of DDMS is required to better constrain models of DMS production and emission as well as the global DMS budget.  Transfer from the surface ocean to the atmosphere has been hypothesized to facilitate tritrophic interactions in order to relieve grazing pressure (Savoca and Nevitt, 2014).  Apart from ocean-atmosphere interactions, diffusion away from phytoplankton cell surfaces controls intracellular DMS concentrations (Spiese et al., 2016) and potential physiological roles for this compound.  DMS diffusion can also constrain bacterial use as a carbon source and signaling within the cellular boundary layer (Lavoie et al., submitted).  High diffusion rates resulting from a large DDMS prevent DMS from accumulating inside the cell, reducing its effectiveness as an antioxidant, as has been suggested (Sunda et al., 2002).  However, faster diffusion may facilitate algal-bacterial mutualistic interactions, providing carbon, sulfur, and energy from algae to bacteria in the vicinity of phytoplankton (Green and Hatton, 2014; Hatton et al., 2012; Schäfer et al., 2010).
[bookmark: _GoBack]	Marine DMS ultimately derives from the sulfonium compound dimethylsulfoniopropionate (DMSP).  Although there is no atmospheric component for DMSP cycling, the cellular and ecological roles it plays often depend strongly on its diffusion rate.  While DDMS has been determined before (Saltzman et al., 1993), DDMSP has not.  Previous studies estimated DDMSP to be on the order of 10-5 cm2 s-1 (Wolfe, 2000), a value typical of aqueous solutes, but one that could be inaccurate by up to 30% or more.  DMSP is known to react with reactive oxygen species (Spiese, 2010; Sunda et al., 2002), and like DMS, to supply carbon and sulfur for bacterial growth (Green and Hatton, 2014; Hatton et al., 2012; Schäfer et al., 2010).  DMSP uptake has also been suggested in certain phytoplankton (Lavoie et al., 2018; Vila-Costa et al., 2006), and like dissolved nutrients uptake of DMSP is likely controlled by diffusion at low shear velocity (Hurd et al., 1996; Wolf-Gladrow and Riebesell, 1997). 
Previously, DDMS was determined in aqueous agar gels (Saltzman et al., 1993), which have the potential to alter diffusion rates and subsequently bias estimates of DDMS.  Other methods for determining diffusion coefficients rely on isotopic tracers (Wang, 1951), permeable membranes (Rebreanu et al., 2008), or electrochemical activity (Martin and Unwin, 1998).  To remove potential biases due to extraneous phases (e.g., membranes or gels), diffusion-ordered nuclear magnetic resonance spectroscopy (DOSY) was used.  DOSY is a two-dimensional technique that directly measures D in situ.  DOSY operates by varying the magnetic field strength along the z-axis of the sample using a shaped gradient pulse and then determining the signal strength after a delay.  The decay of the signal strength as the gradient pulse strength increases can be fit to an exponential function that depends on D (for review, see Johnson, 1999).  DOSY has been used in other areas of environmental analysis to study molar mass and aggregation of dissolved organic matter (Simpson, 2002) and to differentiate phosphorus compounds from soil extracts (Wang et al., 2017), among other applications.  DOSY can also be used to determine the molar mass of both small molecules (Evans et al., 2013) and polymers in solution (Chen et al., 1995).
This study is the first to utilize DOSY for measuring DDMS and DDMSP in seawater.  These results place new constraints on DDMS and are compared to theoretical and published values.  DDMSP is empirically determined for the first time.  The implications for DMS(P) physiology in the unmixed layer surrounding algal cells are discussed.

Methods & Materials
Chemicals—Unless otherwise noted, chemicals were purchased from commercial sources (generally Sigma Aldrich) and were of the highest available purity.  DMSP·HCl was synthesized from DMS and acrylic acid according to published procedures (Chambers et al., 1987) and recrystallized from ethanol before use.  Artificial seawater (S = 30.5‰) was made according to the recipe of Parsons (1984) in 18.2 MΩ·cm water (Millipore).

Diffusion-ordered NMR Spectroscopy—NMR spectra were collected using a Bruker Avance III 400 MHz NMR spectrometer.  Samples (500 μL) were prepared in artificial seawater (Parsons, 1984) at pH 8.0 and placed in 5 mm i.d. Grade 4 NMR tubes.  Addition of DMSP·HCl to the seawater lowered the pH to 2.00.  Unless otherwise noted, the pH in DMSP samples was not adjusted.  A coaxial insert containing D2O was placed in the tube to provide 2H signal for field locking.  NMR samples were allowed to equilibrate for > 10 min in order to assure constant temperature.  Gradient pulse widths (500 – 900 μs) were optimized before collection of the DOSY spectrum.  2-D DOSY spectra were comprised of 25 spectra of 16 scans each and processed using Bruker TopSpin software.  Nominal temperatures were calibrated using an external methanol sample (Raiford et al., 1979).
	DDMS was determined from the center of the peak (δ 2.19 ppm) and the range of the distribution along the F2 axis (log D axis).  For DDMSP, the value was determined as the mean of D values based on all six peaks corresponding to DMSP (δ 6.18 (triplet), 5.94 (triplet), 5.76 (singlet)), and error is estimated as the standard deviation of these peak centers.  This value corresponds to the width of the F2 axis distribution.  

Diffusion Models—Diffusion constant values were compared to two theoretical models.  First, the Stokes-Einstein relation describes D in terms of the viscosity (η, cP), temperature (T, K), and the effective spherical radius of the solute (r, cm):
									(1)
The viscosity of seawater (salinity 30.5‰) was determined according to El-Dousskly and Ettouney (2002) at each temperature from 285 – 315 K (12 – 42 °C) and 1 atm pressure (Table 1).
	Evans et al. (2013) noted that the Stokes-Einstein model does not correlate well with empirical measurements of D by DOSY.  This is thought to occur due to certain approximations made in the Stokes-Einstein model.  As such, there is a tendency for Stokes-Einstein to underestimate D.  To correct for this, (Evans et al., 2013) developed a model based on molar mass of both solute and solvent (MW and MWS, respectively, kg mol-1) and the effective density, ρeff (619 kg m-3, Evans et al., 2013):
										(2)
											(3)
where NA is Avogadro’s number, kB is Boltzman’s constant.  This model was found to align well with diffusion coefficients measured by DOSY and removes several assumptions inherent in the Stokes-Einstein model.

Results & Discussion
Diffusion of DMS—DDMS was determined across the range of 285 – 315 K (12 – 42°C) in 30.5‰ salinity artificial seawater.  DDMS was found to increase exponentially from 7.78 × 10-6 cm2 s-1 to 1.58 × 10-5 cm2 s-1 (Fig. 1).  When compared to the values for DDMS reported by Saltzman et al. (1993), the values by DOSY NMR were some 18 – 32% lower.  DDMS by DOSY showed poor agreement with the Stokes-Einstein equation, leading to ≥ 30 % higher values.  However, good agreement was found between the Evans model and measured DOSY values, with both data sets agreeing to within ~6.5 % across the temperature range.  
	From the temperature dependence on D, the activation barrier (E, kJ mol-1) and the limiting diffusion coefficient (i.e., D at infinite temperature, D0, cm2 s-1) were determined according to the Arrhenius equation:
								(4)
where R is the universal gas constant (8.314 J mol-1 K-1).  An activation barrier of 16.9 ± 0.9 kJ mol-1 was determined for DDMS by DOSY, which is not significantly different than that determined by (Saltzman et al., 1993) (18.1 ± 1.2 kJ mol-1, p = 0.1091, two-tailed t-test with 5 degrees of freedom) (Fig. 2).  The D0 value for DMS was found to be 0.009 ± 0.003 cm2 s-1, which is significantly lower (p = 0.0012) than that found by Saltzman et al. (0.0200 ± 0.0002 cm2 s-1).  Fitting each of the theoretical models to the Arrhenius equation results in E and D0 values similar to those found by NMR (16.8 – 17.7 kJ mol-1 and 0.004 – 0.013 cm2 s-1).  These results suggest that DMS less easily diffuses through seawater than has been previously reported, potentially leading to lower sea to air fluxes and a decreased contribution to atmospheric sulfur emissions.  It is likely due to changes in solvent viscosity, as (Saltzman et al., 1993) determined DDMS is pure water (0‰ salinity), whereas DDMS reported here is measured at 30.5‰ salinity.  The viscosity of pure water at 300 K is 0.850 cP, while seawater viscosity is 0.907 cP (Table 1), a difference of approximately 10%, accounting for a significant portion of the difference between the two measurements of DDMS.

Diffusion of DMSP—Similarly to DMS, DDMSP was found to vary exponentially across the temperature range (4.0 – 8.6 × 10-6 cm2 s-1) (Fig. 3).  Although no empirical data exist for DDMSP, the theoretical models suggest that these values are reasonable to at least the order of magnitude.  The values predicted for DDMSP from the models range from 2.59 ×10-6 cm2 s-1 at 275 K to 1.12 × 10-5 cm2 s-1 at 300 K, with the Stokes-Einstein model coming close to fitting the DOSY data (~10% difference on average, root mean squared (rms) error of ± 5.5 × 10-7 cm2 s-1).  The Evans model overestimates DDMSP by as much as 40% (rms error of ± 1.7 × 10-6 cm2 s-1).  The poor performance of the Evans model may lie in its reliance on molar mass.  As a neutral molecule, DMS is not subject to electrostatic effects that may impede diffusion by ions such as DMSP (Katz and Ben-Yaakov, 1980).  DMSP, however, may form ion pairs in solution, altering its effective molar mass.  Given that DMSP was present at concentrations up to 650 mM, association with counter ions in solution is a distinct possibility.  Using the Evans model, the effective molar mass can be determined at each temperature (Table 2).  As temperature increases, the effective molar mass does as well, with a maximum value of 300.6 g mol-1, more than twice that of protonated DMSP itself (135.4 g mol-1).  It is possible that DMSP associates with anions present in seawater, increasing the apparent molar mass and decreasing DDMSP.  A DMSP-SO42- pair would have an effective molar mass of 231.4 g mol-1, while a DMSP-Br- ion pair would be 215.3 g mol-1.  Of these, sulfate is more likely due to the higher concentration (25 mM SO42- versus ~1 mM Br-).  It should be noted that the uncertainty in effective molar mass calculations is at least ± 15 % (Evans et al., 2013). 
	Because DMSP is a zwitterion at seawater pH and a cation at low pH, higher concentrations may affect DDMSP as electrostatic effects restrict diffusion.  The concentration of DMSP was varied from 61 – 654 mM in 30.5‰ salinity artificial seawater at constant temperature (300 K).  DDMSP varied little over this range, decreasing from 7.1 ± 0.2 × 10-6 cm2 s-1 at 61 mM to 6.9 ± 0.2 × 10-6 cm2 s-1 at 654 mM (Fig. 4).  The concentration dependence was linear, with a change in DDMSP of –(9 ± 6)×10-7 cm2 s-1 M-1, although this slope was indistinguishable from zero (p = 0.218).  Concentration effects do not significantly alter DDMSP at 300 K, although caution is warranted as the concentrations used in this study are substantially higher than ambient concentrations, which are on the order of tens of nM (Kiene et al., 2007; Kiene and Slezak, 2006; Kinsey et al., 2016).
	Salt concentration also could have an effect on DDMSP.  In a study of ion diffusion through Phaeocystis mucilage, Mg2+ and Ca2+ exhibited diffusion coefficients that were orders of magnitude lower than in bulk seawater (Smith et al., 2014).  Likewise, high salt concentrations are known to alter the viscosity of water (Kaminsky, 1957), on which all of the empirical models for D rely.  To assess the potential for electrostatic interactions between salt and DMSP, the DOSY experiment was conducted in MilliQ water (0‰ salinity).  To control for possible pH effects, the same experiment was conducted after treating the DMSP solution with Ag2O to remove HCl and adjust the pH to 7.00.  In neither case was DDMSP significantly different from DMSP in artificial seawater (30.5‰) at pH 2.00 (Table 3), indicating little effect from electrostatics.  While DMSP might be expected to show lower diffusivity in seawater versus MilliQ, diffusion constants for ions in seawater have been reported to be ≤ 8% different from those in pure water (Li and Gregory, 1974).  It would appear that this is also the case for DMSP at pH 2.00 (singly charged) and at pH 7.00 (zwitterionic). 
Fitting DDMSP to the Arrhenius equation resulted in a D0 value of 0.0010 ± 0.0003 cm2 s-1 and an activation barrier of 12.6 ± 0.7 kJ mol-1 (Fig. 2).  The activation barrier is lower to those reported for various amino acids (~19 kJ mol-1 for glycine and alanine), which should exhibit similar charge states to DMSP between pH 2 – 7 (Longsworth, 1954).  The Stokes-Einstein model predicted an activation barrier of 16.8 ± 0.1 kJ mol-1, which is significantly higher than the DOSY data (p = 0.0001).  Likewise, the D0 value is approximately 6-fold higher (0.0064 ± 0.0007 cm2 s-1, p < 0.0001).  The Evans model likewise predicted a 9-fold higher D0 value (0.009 ± 0.001 cm2 s-1) and a higher activation barrier (17.7 ± 0.3 kJ mol-1).  While the differences between measured values and those predicted by the Evans model can be ascribed to ion pair formation as above, differences between Stokes-Einstein and measured values could be due either to strong solvation effects on DMSP (as water is not infinitely small compared to DMSP) or to deviations from spherical shape, both of which are assumptions of the Stokes-Einstein model.  However, the Stokes-Einstein model is a much closer fit within the temperature range of this study, suggesting that ion pairing and subsequent change in molar mass is a more significant source of error than solvation or molecular shape effects.

Implications—Both DMS and DMSP are thought to play key roles in a number of processes, both biological in nature as well as abiotic.  For all of these roles, the diffusivity of each compound constrains the overall magnitude of their importance.  
Sea-to-air flux of DMS can be parameterized by accounting for both the transfer resistance of the liquid phase (kl) and the gas phase (kg), and the concentration gradient between the phases:
Flux = Kl (Cl – Cg/α) 								(6)
									(7)
where Kl is the gas exchange coefficient and α is the dimensionless solubility of the gas in seawater (Jähne et al., 1987; Liss and Slater, 1974).  Resistance in the liquid phase (kl-1) dominates under normal conditions, and so Kl is essentially dependent on this resistance, which in turn depends on Dn where n is between 0.5 and 0.67 (Jähne et al., 1987; Liss and Slater, 1974).  Assuming n = 0.5, the change in DDMS reported here decreases the sea-to-air flux of DMS by approximately 12% over that predicted by Saltzman et al. (1993).  As discussed above, this is likely due in large part to changes in viscosity between seawater and pure water.  
This lower transfer efficiency is unlikely to affect ecological signaling by DMS, however.  For a lower flux into the atmosphere, a larger surface concentration gradient is required in order to mediate a tritrophic interaction based on DMS emissions.  Common airborne chemical signaling molecules have thresholds on the order of 105 – 1015 molecules cm-3 (Dusenbery, 1992) and in order to maintain an atmospheric concentration of ~1010 molecules cm-3, the surface ocean concentration of DMS would have to increase by approximately 5%, assuming α = 10.57.  Such a small difference is within normal analytical precision and certainly within natural variability.  Only at its extreme (1013 molecules cm-3), oceanic DMS concentrations would need to change by ~40%, as DMS reaches equilibrium with the gas phase.  Overall, the lower DDMS value should not alter quantitative modelling of tritrophic interactions versus previous values.
For DMS, the diffusion constant controls losses from the cell and its immediate vicinity.  Spiese et al. (2016) found that diffusion through the unmixed layer adjacent to the cell membrane, termed the phycosphere, controls intracellular DMS concentrations.  In that study, DDMS from Saltzman et al. (1993) was used to determine the permeability through this layer (Pd).  From the data presented here by DOSY NMR, the permeability of DMS through the phycosphere decreases by an amount proportional to the difference in DDMS between the two methods (~20%) and subsequent decrease in Pd.  From the equations in Spiese et al. (2016), the change between the two methods (9.6×10-6 cm2 s-1 by DOSY from 1.2×10-5 cm2 s-1) decreases Pd from 0.065 cm s-1 to 0.050 cm s-1, leading to an approximately 29% greater DMS gradient between the phycosphere and the cytosol.  While this is a substantial difference, it is inconsequential given that the reported gradients are on the order of 0.3 pM (Spiese et al., 2016).
	The diffusivity of DMSP has great implications for the chemical ecology and physiology of this compound.  In the local cellular environment, diffusive loss from the phycosphere competes with microbial uptake for removal.  Ledyard and Dacey (1996) report microbial turnover times in bulk seawater of several hours to 1.5 d.  Likewise, Kiene and Linn (2000) reported turnover of DMSP in coastal waters a day or so.  The characteristic diffusion time (tD), which is the time required for a molecule to diffuse a given length (l), is related to D by Equation 8:
									(8)
Assuming that the phycosphere scales as the cell radius, then tD for DMSP around a 5 μm radius cell would be on the order of 15 ms at 300 K (DDMSP = 6.9 × 10-6 cm2 s-1), meaning that microbial uptake cannot effectively compete with diffusion for DMSP if consumption rates in the phycosphere resemble those in bulk seawater (~1.4 nM d-1, tconsumption = 60500 s at 2 nM) {Galí, 2015 #1016}.  There is evidence that bacterial abundances can be higher in the phycosphere versus bulk water, which would increase the overall consumption rate.  Phycosphere bacterial abundances are ~1011 cells mL-1 while bulk abundances are ~106 cells mL-1 (Cole, 1982).  Scaling the uptake rate by this difference in abundance could mean phycosphere turnover times for DMSP of about 0.6 s, which is still 40-fold slower than diffusion.  This is not to imply, however, that DMSP is unimportant as a source of either carbon or sulfur for phycosphere bacteria, only that microbial uptake may not necessarily be the most important loss pathway for DMSP in the phycosphere.  Reactions between DMSP and various reactive oxygen species (e.g., hydroxyl radical, superoxide, etc.) are unlikely to contribute substantially to removal due to low concentrations ([OH] ~ 10-18 M) or low rate constants (kDMSP + O2- = 8 M-1 s-1; C. Liu et al., unpublished).  Thus, DMSP is likely removed from the phycosphere by primarily by diffusion and is then metabolized by free bacteria.  
	Typically, the phycosphere thickness is estimated as the cell radius.  However, a more appropriate estimate of the thickness of this layer is based on the diffusion speed of the compound of interest.  (Seymour et al., 2017), for example, define the phycosphere as the region where the compound is present at 150% of background concentration.  For DMSP, assuming a continuous exudation rate of ~0.1 mmol [L cell volume]-1 d-1 (Laroche et al., 1999), a 5 μm diameter cell would have a DMSP-defined phycosphere some 29 μm in thickness for a background DMSP concentration of 3 nM (Dusenbery, 1992), or a full order of magnitude larger than predicted based on cell radius alone.  This, of course, can change depending on the exudation rate, but suggests that the sphere of influence for DMSP can be quite large.

Conclusions
	The diffusion of DMS and DMSP were determined using DOSY NMR.  While the values are close to those previously reported for DMS, the values found in this study were significantly lower.  This difference is attributed to methodological differences, primarily due to the choice of solvent.  Because seawater was used in the determination of DDMS, the values reported here are more representative of actual diffusion coefficients in water.  DDMSP was determined for the first time and diffusion is identified as a major removal pathway for DMSP in the phycosphere.  Salt effects are taken were taken into consideration, as differences between experimental results and model predictions suggested that some key assumptions may not be valid in modelling diffusion by DMSP.
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Table 1. Dynamic viscosity of seawater in cP at various temperatures.  Viscosity was determined according to the equations present in El-Dessouky and Ettouney (2002).  
	T (K)
	η (cP)

	275
	1.783

	280
	1.524

	285
	1.295

	290
	1.141

	295
	1.014

	300
	0.907

	305
	0.817

	310
	0.740

	315
	0.674




Table 2. Effective molar mass of DMSP in pH 2.00 seawater as a function of temperature.  Effective molar masses are calculated according to (Evans et al., 2013), using the viscosity of seawater from Table 1.  Error in effective molar mass is approximately ± 15 %.
	Temperature (K)
	Effective Molar Mass (g mol-1)

	279.0
	163.3

	284.6
	184.1

	290.1
	204.1

	295.7
	192.5

	301.3
	239.2

	306.8
	289.9

	312.4
	300.6




Table 3. DDMSP variance with salinity and pH.  DDMSP values are reported as mean ± standard deviation.
	Salinity (‰)
	DDMSP (106 cm2 s-1)

	30.5, pH 2
	6.1 ± 0.6

	30.5, pH 7
	7.8 ± 0.7

	0, pH 2
	6.4 ± 1.1




Spiese Figure 1


Figure 1. Diffusion constant for DMS by DOSY NMR (points) and diffusion models (lines).  Points represent the center of the peak (δ = 2.19 ppm), and error bars represent the range of the distribution of DDMS.  For comparison, DDMS predicted by the Evans (solid line), Stokes-Einstein (dash-dot line), and Saltzman et al. (dotted line) models are included.  Model values are based on the dynamic viscosity of seawater at a given temperature.

Spiese Figure 2


Figure 2. Arrhenius plots for DDMSP (closed symbols) and DDMS (open symbols).  Lines denote the best fit: DMSP: intercept = -(6.7 ± 0.3); slope = - (1.6 ± 0.2) K-1, r2 = 0.936; DMS: intercept = -(4.8 ± 0.4); slope = - (2.0 ± 0.1) K-1, r2 = 0.983.


Spiese Figure 3 


Figure 3. Diffusion constant for DMSP by DOSY NMR (points) and diffusion models (lines).  Points represent the mean D for all DMSP peaks, and error bars represent the standard error in DDMSP.  For comparison, DDMSP predicted by the Evans (solid line) and Stokes-Einstein (dash-dot line) models are included.  Model values are based on the dynamic viscosity of seawater at a given temperature.


Spiese Figure 4 


Figure 4. Variance of DDMSP with DMSP concentration.  Points represent the mean value of DOSY peaks and error bars represent one standard deviation.  Linear regression: slope = -(9.6 ± 6.6) × 10-10 cm2 s-1 mM-1, p = 0.218; intercept = 7.2 ± 2.6 × 10-6 cm2 s-1, p < 0.001.
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